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ABSTRACT 


The cracking of scroll liners on the SSME High Pressure Fuel Turbo 
Pump (HPFTP) on hot gas engine test firings has prompted a study into the 
nature of pressure fluctuations in centrifugal pump stages. This study 
will quantify the amplitudes of these fluctuations and where they 
originate in the pump stage. To accomplish this, a test program has been 
conducted to map the pressure pulsation activity in a centrifugal pump 
stage. This stage is based on typical commercial (or generic) pump design 
practice and not the specialized design of the HPFTP. Measurements made 
in the various elements comprising the stage indicate that pulsation 
activity is dominated by synchronous related phenomena. Pulsation 
amplitudes measured in the scroll are low, on the order of 27 . to 17 . of the 
impeller exit tip speed velocity head. Significant non-sychronous 
pressure fluctuations occur at low flow, and while of interest to 
commercial pump designers, have little meaning to the HPFTP experience. 
Results obtained with the generic components do provide insights into 
possible pulsation related scroll failures on the HPFTP, and provide a 
basis for further investigation. 
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EXECUTIVE SUMMARY 


Background 

Extensive cracking in the volute scroll liner of the Space Shuttle 
Main Engine (SSME) High Pressure Fuel Turbo Pump (HPFTP) during hot gas 
test firings has been observed. During the post test damage assessment, 
it was realized that little was known about the flow behavior past the 
impeller exit. Literature searches revealed little. A test effort would 
be required to measure the fluctuation pressures present in the various 
elements of the pump stage. The work should be general enough to be 
applicable to pumps of similar geometrical configuration. 

Objective 

The objective of the investigation is to quantify the fluctuating 
pressure behavior in the various stage elements (impeller, diffuser and 
collector scroll). The causes of pulsation activity must be determined 
and their dependence on specific pump geometry investigated. The effects 
of speed on scalability of these pulsations will also be established. 


Test Hardware and Relationship to HPFTP Design 

The pump geometry used in the HPFTP varies from commercial practice 
(which is referred to as generic design practice). The physical size 
limitations imposed by flight hardware, result in a design with higher 
head and flow coefficients than would be found on generic machines of 
similar stage size. This approach has undoubtedly been the reason for 
design features on the HPFTP which would not be found on its commercial 
brothers. The use of multiple length splitter blades in the impeller to 
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reduce blade loading is one example. Another is the unusual diffuser vane 
design where the vanes are configured to not diffuse, but to turn the flow 
in a more tangential direction. The scroll design is unusual in that the 
throat area at the exit of the scroll is not sized to match the flow 
exiting the third stage diffuser. The pump stage elements used in the 
test rig are either taken from or derived from commercial design 
practice. The configuration is the same as the HPFTP in that a last stage 
impeller (2 stages on this tester as opposed to 3 stages on the HPFTP) 
precedes a vaned diffuser, which in turn discharges into a single throat 
(or discharge) volute type scroll. The test hardware is equiped with a 
multitude of pressure sensors in these three key stage elements, to 
measure the instantaneous pressures at a variety of flows and speeds. 

Test Results 

Three different configurations of the generic design hardware were 
tested. Two diffuser designs (a 9-vane and an 11-vane design), and 3 
impeller to diffuser clearance ratios (achieved by reducing the impeller 
diameter) were tested within these three configurations. The test results 
showed that the dominant pulsation activity occurred at synchronous 
frequencies (or at integer orders of running speed). The source of these 
pulsations is traced to the interaction of the impeller blades and 
diffuser vanes. The pulsations are largest in the vicinity of the 
interaction, and can be as high as 20% to 30% of the impeller tip speed 
velocity head. These values are a function of diffuser and impeller blade 
loading, impeller to diffuser clearance ratio, and flow rate (affecting 
the angle of attack to the diffuser vane leading edge). Pulsation values 
measured in the scroll never exceeded 7% of the impeller exit tip speed 
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velocity head. The 7% value was for the case where the impeller to 
diffuser clearance ratio was .021 of the impeller radius and the flow was 
at a quarter of the design condition. At higher flows and larger 
clearances this amplitude is decreased to about 3%. This amplitude, 
scaled to HPFTP conditions would result in a peak-to-peak pulsation of 
about 53 psi. Some non-synchronous pulsation events were encountered in 
the diffuser and impeller. However, these occurred at very low flow rates 
and so are not considered directly applicable to the HPFTP experience. 

Conclusions 


1. The combination of vane numbers of the impeller (24) and diffuser (13) 
in the HPFTP is favorable for minimizing synchronous pulsations arising 
from impeller to diffuser interaction. However, this is true only if the 
12 exit splitter vanes are effective at sharing the blade loading (ie. 
separation has not occurred upstream of the splitters, rendering them 
ineffective). If the splitters are ineffective, the impeller exit blade 
number becomes 12 and is likely to cause strong synchronous pulsations. 

2. The mismatch of scroll exit area to the diffuser exit area, and the 
resulting circumferential pressure gradient may be the source for unsteady 
flow and pressure fluctuations. 

3. The presence of even low level pulsations in the scroll can excite the 
natural frequency of that component. The presence of a multitude of 
balance holes communicating to the surrounding chamber may also affect the 
phase of pulsations in the scroll liner. These out of phase pulsations 
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could result in larger forces on the scroll liner and cause alternating 
stresses on local sections . 

4. The change in pump rpm in going from 100% to 109% thrust results in a 
12.5% increase in pulsation amplitude. Assumming that pulsation 
amplitudes in the HPFTP scroll are approximately 3% of the impeller exit 
tip speed velocity head, the peak-to-peak amplitude in the scroll is 22 
psi at 100% thrust condition. At 109% thrust, this amplitude would be 

about 27 psi. 

Questions raised by this study include how effective are the impeller 
splitter blades at sharing the impeller blade loading at the exit of the 
impeller, what impact does the design of the diffuser guide vanes have on 
flow entering the scroll and on the interactions with the exit flow field 
of the impeller and finally what are the vibratory modes for the scroll 
liner and could it be excited by low level pulsations which are 
synchronous in nature? 
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INTRODUCTION 


Concern over cracking of the volute/scroll liner on the Space Shuttle 
Main Engine (SSME), High Pressure Fuel Turbo Pump (HPFTP) which has 
occurred during hot gas test firings, has caused the initiation of a 
program to obtain information regarding the flow behavior in the vicinity 
of the diffuser exit and scroll passage of that pump. Specifically, the 
fluctuating pressures present in this region are of primary interest since 
the interaction of these fluctuations with the mechanical response of the 
scroll liner determines the structural integrity of scroll itself. The 
influence of the various hydraulic design parameters, on these fluctuating 
pressures, is another area of interest. The investigation of the nature 
of these fluctuating pressures, or pressure pulsations, were conducted on 
a pump than can be characterized as being of generic design. The term 
generic means a pump of configuration similar to that of the SSME HPFTP 
but of commercial design practice. This configuration consists of a 
multistage diffuser pump with a single volute type scroll collector around 
the final stage. The elements of the pump test rig include the impeller, 
diffuser and collector, and are based on typical commercial design 
practice. Two of the three elements are actual production designs. The 
various components of the test pump are instrumented with pressure sensors 
to obtain the static as well as the fluctuating (or dynamic) components of 
the pressure signal at each sensor location. This fluctuating data was 
synchronized to the shaft position, so that information from all sensors 

is in phase. 
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Prior to testing, a literature search was conducted to identify 
previous test efforts, and incorporate ideas coming from those sources 
into this test program. It was found that no published work attempted to 
measure fluctuating pressures in a centrifugal pump stage in as 
comprehensive a manner as that defined here. Some test results do exist 
in the literature and provide a means to validate and a comparison with 
the results from this program. 


Three different configurations of hardware were tested in a closed 
loop (having a total system volume of 2500 gallons). Tests were conducted 
at constant speed, with de-aerated cold water, at an NPSH high enough to 
supress cavitation. Parameters which vary with each configuration include 
three different impeller to diffuser clearance ratios and two different 
diffuser vane numbers. Results unique to each configuration have been 
identified. For each configuration the scroll was instrumented with eight 
pressure sensors; each diffuser passage contained a minimum of two 
pressure sensors (at inlet and discharge) and each impeller passage was 
equipped with a minimum of one pressure sensor. Extra sensors were 
mounted on suction and pressure surfaces of an impeller vane, on the 
stationary sidewalls adjacent to the rotating impeller, and in one 
diffuser passage an array of three sensors at three radii were installed. 
Not all configurations utilized these extra sensors. 

FM tape is used to record pressure signals from each sensor 
simultaneously, for later analysis. This allows the pressure waveforms 
for each location to be displayed in phase with the other sensors. Data 
was obtained over a range of flows (25% to 125% of design flow) and for 
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two or three speeds. The data reduction included presentation of the data 
in three different formats. First, all sensors were syncronous time 
averaged over a minimum of 700 shaft revolutions. This technique 
eliminates noise and random events, and leaves an average waveform from 
which the frequency spectrum can be obtained. This presentation includes 
synchronous pulsation data only. Secondly, the frequency spectrum for 
specifically selected sensors were obtained without syncronous averaging 
in order to identify pulsation activity not related to rotation (or 
non-synchronous hydraulic behavior). This type of presentation shows 
information related to piping resonances and structural vibrations which 
induce pulsations. Thirdly, the basic pressure waveforms can be examined 
over many rotations to identify pressure fluctuations which are not 
periodic and best described as random. 


A separate section is devoted to the display and explanation of 
results from the test data. The details regarding the generation, the 
frequency and amplitude of the pressure pulsations are given in this 
section. Information on scaling with speed is also presented. 

Since the test work here is conducted on generically designed 
hardware, and not on models of the HPTFP, some interpretation is necessary 
to relate these results to the SSME experience. The test work has led to 
some ideas relating to the problem of scroll cracking on the HPFTP . A 
section of this report includes a discussion of the applicability of these 
test results to HPFTP hardware. 
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LITERATURE SURVEY 


In accordance with the contract, a literature search was conducted to 
identify sources of information regarding pressure pulsation activity in 
centrifugal pumps. This search was conducted by Ingersoll-Rand corporate 
library staff, using the Dialog data base. An internal review of known 
references relating to pressure pulsations in commercially derived pumps 
was also conducted. The internal review utilized references produced in 
the Technical Proposal for this contract. One reason for conducting this 
search was to provide some guidance in the formulation of a test program 
to meet the contractual goals for the program. The result of the computer 
search is included in Appendix B. These references were of little help 
since they really do not address the detailed measurement of pulsation 
activity in the various components of the centrifugal pump (impeller, 
diffuser and volute scroll). References (1) thru (5) are relevant in 
terms of understanding and quantifying pulsation activity. However, not 
even these sources provide a complete mapping of pressure pulsation 
activity in all parts of the pump. 


References (1) thru (5) are useful in comparison with data collected 
in this program. A summary of these references follow. 

Ref 1. Kanki, et al. The purpose of this paper is to investigates the 
various radial forces imposed on the pump rotor and their effects on 
rotordynamics . In determining these forces (synchronous in nature) the 
writers have collected pressure pulsation data from single sensors located 
on the impeller, in a diffuser, and in the collector. No comprehensive 
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mapping of pulsation activity was done. The experimenters do show that 
low flow conditions result in higher, poorly defined low frequency 
pulsation activity, the result of possible rotating diffuser stall. They 
also show that for their hardware, the amplitudes of synchronous 
pulsations decrease with decreasing flow rate. Details of these results 
are included in a later section, where comparison with this program's test 

data are made. 

Ref 2. Bolleter . In this paper, the author presents an approach used to 
understanding the interaction of the impeller vanes with stator vanes. 

This resulting synchronous behavior can take the form of pressure 
pulsations, radial forces, torsional forces and impeller structural 
excitation. The simple analysis procedure provides guidance in selection 
of proper combinations for impeller and stator vane numbers. Reference to 
this procedure is made in the Data Analysis and Interpretation section of 

this report. 

Ref 3. Sano. The data included in this paper shows that piping 
resonances are a source of pressure pulsations measured in the discharge 
of a volute type pump. This behavior is non- synchronous and similar 
resulys will be observed in the test results described later. 

Ref 4. lino. This analytical study was conducted to examine the effects 
of interaction between impeller and diffuser on dynamic radial loads 
exerted on a pump rotor. The analysis utilizes a two-dimensional 
potential flow model. Viscous effects are ignored. The conclusions 
reached are 1) the pulsation amplitudes decrease with increased 
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impeller/diffuser clearance and 2) the pulsation amplitude is highly 
dependent on the load distribution imposed on the diffuser blades. 
Comparison of these results with test data from this program indicate that 
the model predicts higher pulsation amplitudes than actually exist. 

Ref 5. Brennan etal. The work described in this paper includes testing 
of a model of the SSME oxygen pump (with a reduced number of diffuser 
vanes) in a sub-speed water test rig. The SSME HPOTP diffuser appears to 
be of similar design to the HPFTP and so pulsation data collected here is 
of interest since it can be compared to the data collected from this 
program on hardware based on typical, generic design practices. The 
comparison of the data can be found in the section titled Validation and 
Comparison of Test Data. 

The testing carried out in this program includes a comprehensive 
mapping of pressure pulsation activity in the impeller, diffuser and 
collector scroll. The pulsation data are in phase so that relationships 
between sensor locations can be observed. Several geometric 
configurations are included in the test program. No literature has been 
found which provides the complete data base of pressure pulsation 
information (synchronous, non-synchronous, and non-periodic) which has 
been gathered through this testing. In the following sections, reference 
will be made to the work just described when presenting this program's 
test results. A special section is included which will make direct 
comparisons between the test data and data contained in the above 
references . 
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DISCUSSION of HARDWARE DESIGN APPROACHES (HPFTP & Generic) 


The design of the test rig used for this program utilizes the same 
basic configuration as that found on the SSME HPFTP. It is a two-stage 
centrifugal pump with a single volute type scroll around the vaned 
diffuser of the last stage. The HPFTP configuration differs only in 
having an extra stage. This difference is not relevant to this 
investigation. The focus of this work is to study the fluctuating 
pressures associated with the last stage and the discharge scroll. The 
hydraulic designs (impeller, diffuser and volute scroll) used for the test 
rig are considered generic to the commercial pump industry. They are 
typical, and are the product of commercial design evolution over many 
years. The evolution of the design approach has included optimization of 
stage efficiency, providing a suitable head-flow characteristic which 
allows stable operation in a variety of system requirements and 
eliminating or minimizing hydraulic instablities (synchronous and 
non- synchronous) at the design point which result in system pressure 
pulsations and adverse mechanical response. In the past decade, 
commercial pump users have been requiring their pumping machinery to 
operate over a wider range of flow rates. This has created an ongoing 
design challenge to improve the generic design in terms of reducing its 
minimum continuous stable flow. Development to meet this challenge is 
progressing, however, it is not entirely relevant to the hardware used in 
this program. The generic impeller and diffuser are fabricated from 
existing designs. The volute scroll was designed using criteria 
established by Ingersoll-Rand. 
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The operating condition of the generic design was selected to match 
the operating conditions of the HPFTP as closely as possible. A 
comparison of operating parameters is found in Table 1. A summary of 
stage performance for the various geometric configurations is found in 
Appendix D. The design condition for both stages, as defined by pump 
specific speed is similar. However, the hydraulic design approach to 
achieve this condition varies. The impeller head coefficient (gH/U 2 2 ) 
for the HPFTP is .615. For the generic design it is .49. The generic 
design is intended for operation over a wide flow range with a variety of 
system head, flow characteristics. For this reason the head coefficient is 
kept low to assure a constantly rising slope to the pump characteristic . 
The rise to shutoff is necessary to ensure stable operation during system 
transients. The HPFTP design apparently provides sufficient negative 
slope to the head, flow characteristic over its operating range to 
maintain system stability. The impeller exit flow coefficients vary 
also. The generic design has a flow coefficient (V m>exit /U 2 ) of .08 
at its design point. The HPFTP flow coefficient is .12. It is obvious 
that the HPFTP design is required to provide a larger flow rate at higher 
stage head rise than the generic design of similar physical size. Size 
and weight considerations for flight hardware must influence this design 
condition. While this approach is necessary, it creates higher internal 
pressure loading of mechanical components and leads to more problems 
involving system stability and unsteady hydraulic behavior. 

The variation in diffuser design between the HPFTP and generic is 
quite apparent. The 3rd stage diffuser of the HPFTP appears to be less of 
a diffuser and more a set of guide vanes. An analysis using the PANEL 
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COMPARISON 


OF 

OPERATING CONDITIONS 



IR 

GENERIC 
TEST PUMP 

SSME 

HPFTP 

(APPROXIMATE) 


SPEED 

2,300 

36,000 

RPM 

FLOW 

700 

15,150 

GPM 

HEAD/ STAGE 

190 

65,000 

FT 

PRESSURE RISE/ STAGE 

82 

2,100 

PS I 

STAGE SPECIFIC SPEED 

1,190 

1,090 RPM- 

gpm 1 ^ 2 /ft 3 ^ 4 

STAGE REYNOLDS NO. 

5X10 6 

400X10 6 

OR 2 / u 

STAGE DENSITY RATIO 

1.00 

1.04 


IMPELLER HEAD COEF. 

.49 

.615 

gH/U 2 2 

IMPELLER FLOW COEF. 

.080 

.120 

^m,exit^2 


Compatison of operating conditions for the HPFTP 
and the generic design test hardware. 


TABLE 1 
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code (an inviscid, 2 dimensional flow code, ) (Reference 7) provides the 
information shown in Figure 1. regarding flow through this diffuser. This 
vane design accelerates the flow from inlet to discharge, as seen by the 
velocities shown in Figure 1. This design approach creates thin 
boundary layers, and discourages separation and stall behavior often found 
in the diffusers characterized by the generic design. The HPFTP design 
reduces the efficiency potential of the stage because of its lack of 
pressure recovery, however it is not subject to the blade-to-blade 
pressure loading of more conventional diffuser designs. The generic 
diffuser is intended to provide an area ratio from inlet to discharge of 
about 1.75 (Vjj to V c in Figure 1). The number of vanes is selected 
from experience, with the major concern being the maintenance of a 
suitably rising head, flow characteristic. A high vane number usually 
means better pressure recovery and a high overall head coefficient. Since 
the shutoff head coefficient is between .6 and .65 for typical commercial 
machines, head coefficients at design point are usually kept at .5 or less 
to ensure a 1.25 ratio of shutoff to design head coefficients. The 
generic diffuser selected has 9 vanes, and is based on an existing 
production diffuser. A detailed drawing of this design can be found in 
Appendix B. An alternate diffuser (Configuration C) for use in this 
program is not based on typical commercial design practice. A total of 
eleven vanes is used in this alternate design, with the intention of 
increasing the exit velocity from the diffuser and forcing a mismatch with 
the existing scroll design. The mismatch would be similar to that found 
on the HPFTP when analyzing flow velocities leaving the diffuser and 
velocities in the scroll throat. A table showing these velocities can be 
found in Figure 1. The extra diffuser vanes also serve to reduce the 
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blade to blade pressure loading found on the 9-vane diffuser. Details of 
this design can also be found in Appendix B. 

The scroll for the test program follows the basic sizing and 
configuration guidelines used for Ingersoll-Rand commercial designs. A 
detail drawing, including development of the sectional areas, is found in 
Appendix B. The sectional shape is based on design experience, which 
dictates a side wall angle of 22 degrees to the centerline of the volute 
section. The areas are scheduled linearly with circumferential position, 
from cutwater to the outside wall of the throat (throat being defined as 
the location where the full flow of the stage has been collected, and the 
diffusion process begins). The process used to determine the throat area 
is covered in Reference 6. This reference is found, in it's entirety, in 
Appendix C. To describe it simply, the throat area must be sized to 
provide an integrated thru-flow velocity which conserves the angular 
momentum present at the diffuser discharge (less flow losses in the 
collector). The aspect ratio of the sections of the generic volute scroll 
appear unusual because the throat area is uncommonly large. For 
commercial machines of this size, a double volute is used, which provides 
two throats, 180 degrees apart. Since it is the purpose of this program 
to use the basic configuration of the HPFTP, a single throat scroll was 
designed using the basic commercial guidelines. As described in Reference 
(6), the scroll of the HPFTP appears to be too large to conform to 
commercial guidelines. This results in a deceleration of the flow as it 
enters the throat, with an accompanying increase in static pressure. This 
creates a circumferential distribution of pressure around the OD. of the 
diffuser stage which upsets the flow entering the diffuser and ultimately 
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the flow exiting the impeller. A correctly matched scroll provides a 
uniform circumferential distribution of pressure around the diffuser OD. 
which reduces the radial load on the rotor and eliminates the possibility 
of unsteady flow due to the rapid diffusion occurring near the scroll 
throat. The impact of the scroll mismatch may be lessened by the addition 
of a multitude of radially drilled holes around the HPFTP's scroll. These 
holes no doubt pass flow from high to low pressure regions of the scroll, 
helping to balance any circumferential pressure distribution around the OD 
of the diffuser. Another aspect of the scroll design of the HPFTP is in 
the extending of the scroll cutwater to form one of the diffuser vanes. 

This configuration would increase the circumferential pressure variation 
around the diffuser OD. , by eliminating the clearance between diffuser OD. 
and volute cutwater. This clearance performs a function similar to the 
multitude of holes already mentioned, in that it helps to balance any 
pressure differnce caused by mismatched velocities between diffuser and 
scroll. The effectiveness of using these holes and cutwater extension in 
balancing pressures is unknown. The application of the cutwater extension 
is made to the alternated diffuser design (known as Configuration C). A 
sketch of this extension as applied to the alternate diffuser can be found 
in Figure 2. 

A major difference in the design requirements between the HPFTP and 
commercially available pumps involves the operating flow range which the 
pumps encounter. Commercially, it is not uncommon for a single pump to be 
required to operate over a flow range of 25% to 125% of its design flow 
point. This is true of machines in fixed speed and variable speed 
applications. At these extremes, stall, flow separation and angle of 
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incidence variations result in unsteady flow behavior (in impellers and 
diffusers) which are manifested in fluctuating pressures and flows, and in 
adverse mechanical responses which cause component failures. The typical 
operating range of the HPFTP is shown in Figure 3. This pump is required 
to operate at only 85% of its design point when at its minimum speed 
(encountered at the minimum engine thrust condition of 65%). Detailed 
analysis and test of the HPFTP design would be necessary to fully identify 
any occurrence of unsteady behavior which could be related to the 
commercial experience (which includes a wider flow range). For the 
purposes of this program, a flow range consistent with commercial practice 
is investigated. A performance map of the generic hardware can be found 
in Appendix D, along with a compilation of other performance data 
accumulated during the course of the testing. 

A cross-section of the test rig can be found in Figure 4. All of the 
elements are present in this figure, impeller, diffuser and volute scroll 
(showing the development of the various sections). The test rig has been 
configured in a manner to facilitate the insallation and routing of 
pressures sensing transducers and the resulting cabling. The cabling is 
needed to provide excitation voltage and sensing outputs. Pressure 
sensors mounted on the impeller have their leads routed through the shaft 
to a slipring assembly located between the pump and drive motor. The rig 
itself is modular, meaning that components can be easily interchanged if 
desired. This feature has allowed for relatively easy integration of the 
alternate diffuser design. A description of the key geometric parameters 
tested is found in the top half of Table 2. 
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CONFIGURATION 


Impeller Dia (in) 
Diffuser ID (in) 
Clearance Ratio 

it Impeller vanes 
it Diffuser vanes 


"A" 

"B" 

"C" 

11.02 

10.62 

10.62 

11.25 

11.25 

11.12 

1.021 

1.059 

1.047 

5 

5 

5 

9 

9 

11 


DATA IDENTIFICATION SCHEME 


example 


B PIB2 F2 


Configuration 
Sensor Location 


Operating Condition 
(See Table A-2) 


Configuration Guide 


Table 2 
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GENERIC 



PYPFRTMENTAL techniques 


To properly investigate the fluctuating pressure behavior in the test 
pump, detailed pressure mapping of the internal components is necessary. 
Transducers must be selected for installation into the major components of 
the test pump (impeller, sidewalls, diffuser and scroll). Installation 
techniques must be perfected to assure trouble free operation of the 
sensors. The data from the planned 66 sensor locations has to be 
collected in a manner which allows for suitable interpretation of the 
pressure signals. The data, once collected, must then be put into a form 
for presentation. To perform these tasks, the services of Liberty 
Technology Inc. of Conshohocken, Pennsylvania were used. Based on their 
past experience. Liberty is qualified to carry out all of the above 
mentioned tasks. 


The selection of the specific transducers was made on the basis of 
their capablility of providing DC (steady state pressure component) and AC 
(fluctuating pressure component) response. This fact, along with the 
requirements of high sensitivity, good frequency response (5 KHZ minimum 
with a possible requirement to 50 KHZ), and miniature packaging suggested 
the use of Piezoresistive sensors. Kulite Model LQ-125-500 sensors were 


selected where space was at a premium. To insure they would function in a 
pressurized water environment they were conformally coated by the 
manufacturer, and samples pretested in water. Where space was not 
critical, Kulite model XT-140 and XT-190 pressure transducers were used 
(these sensors also allowed for removal from these locations for 
replacement or for future use). The transducers have four active arms. 
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temperature compensation, and closed strain gage bridges, making them 
insensitive to noise resulting from connector contact resistance. All of 
the transducers were conditioned using Vishay Instruments Model 2100 

series strain gage conditioners. Data sheets describing these sensors can 
be found in Appendix B. 

Other sensors employed during the course of testing included 
acceleromenters and a once-per-rev tachometer. The accelerometers (B&K 
4370) were used to assist, if required, in the analysis of the pressure 
data. They help to detect structure borne signals from purely fluid 
generated pulsations. The optical tachometer used was a Monarch SPS-5, 
employing a tach probe detecting the passage of a shaft mounted reflective 
tape segment. This provides a phase reference as well as a once-per-rev 
clock to trigger synchronous averaging of the data. 

The pressure transducers were installed flush with the flow passage 
surfaces so as not to disrupt the continuity of flow along the wall. 

This required machining a recessed bed for the flat mounted LQ-125 
sensors, with a through hole provided for passing wire leads of the 
sensors to the outside environment. A shoulder was provided to seat a 
small thin metal plate to cover the transducer ( except for the sensing 
diaphragm). Before the cover was seated, the void around the transducer 
was filled with a waterproofing compound. The cover was then spot welded 
in place. The other two types of sensors were threaded into position via 
a tapped hole in the side walls. They were sealed by conformal coating 
over the sensing area, by 0-ring, by silicone grease and finally by a 
waterproofing compound to fill any voids and to penetrate the threaded 
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areas. Where wire leads were required to be extracted to the outside 
environment, epoxy filler was used to plug the holes containing the 
leads. Photos which show details of the sensor installation can be found 
in Appendix B. This Appendix contains drawings of the test equipment used 
in this program, including machining details for each sensor location.. 

According to the original plan, eight rotating sensors and 58 
stationary sensors were to be utilized in the test pump. In actuality, 
several sensors failed before testing began and so the full complement of 
66 was never achieved. The peak number of sensors was 50, as used in 
configurations A and B. When sensors failed in key locations, other 
sensors in less important positions were shifted to fill their position, 
if possible. 

The leads of the rotating sensors were passed through the hollow 
center of the shaft and connected to signal conditioning by means of a 
slip ring assembly mounted between the pump drive coupling and the motor 
coupling. To minimize noise from variations in resistance of ring 
contacts, slip rings with four brush contacts per ring were employed. 

Each piezoresistive pressure transducer has four leads, so a 26 ring 
assembly was utilized as follows: 

(3) rings per transducer (total 24 rings) 

(1) common ring 
(1) spare 

The instrumentation was very successful in avoiding random and 60 Hz 
electrical noise. 
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It was expected that the synchronously averaged signals could contain 
frequencies as high as 100 orders of running speed, thus requiring 
bandwidths up to 5 KHz (2500 RPM / 60 xlOO = 4167 Hz). This information 
was used to determine the instrumentation bandwidth. The test was 
conducted using instrumentation recorders operating at 7 \ inches per 
second. IRIG Wideband I format tape was used as the recording media. 

This captures signals with frequency components up to 5 KHz. Altogether, 
eight 14-channel instrumentation FM tape recorders were utilized to 
capture all data channels simultaneously for configurations A and B. 
Because of reduced sensor requirements, only four recorders were used for 
configuration C. Six channels on each tape recorder were reserved for 
common channels as follows: 

1 Channel Voice and synchronization signals 

2 Channels Once-per-rev tachometer (odd & even heads) 

1 Channel Rotating pressure sensor 

1 Channel Stationary pressure sensor 

1 Channel Accelerometer 

The accelerometer channel was dispensed with on configuration C. The 
other channels on the recorders were available for collection of actual 
test data. Use of the six common channels on all eight recorders provides 
for synchronization between any two pressure channels, regardless of tape 
location. Additionally, simultaneous broadband noise, recorded on all 
channels of each tape recorder, enabled transfer functions to be 
determined. These transfer fuctions are useful in correcting interchannel 
time delays caused by variations in tape head alignment encountered when 
playing data recorded on a different recorder. 
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For each test, at least one calibration was performed to check 
continuity and provide calibration factors for each pressure channel 
including sensor, conditioner, and recorder. Prior to all tests, 
compressed air was used for this calibration, and was measured via a 
precision test gauge. Data from this calibration was recorded and used to 
determine calibration factors and offset values. For configurations A and 
B the calibration was performed at the end of the test as well as at the 
beginning . 

The pressure fluctuations expected to occur are of two types. First 
are order-related pulsations occurring at integer multiples (or orders) of 
rotation frequency. The second type includes periodic events, not 
order-related and random fluctuations of pressure levels not associated 
with any particular periodicity. The techniques utilized to acquire and 
process data associated with each of these two types differ. 

The non order-related signals were captured in the time domain by 
means of two techniques. In the first case, global synchronizing signals 
were injected onto the voice tracks of all tape recorders, simultaneously 
at known instances of time during the tests. The pressure vs time 
waveforms of any sensor can be observed (initially on strip chart 
recorders) to identify significant fluctuations in pressure levels which 
are not periodic in nature. The synchronizing signals allow multiple 
sensors to be displayed, in phase. Since the pressure histories are in 
phase, correlation of events between one sensor and another is possible. 
Secondly, in the frequency domain, periodic but non order-related signals 
are best identified by use of a power or auto (real) spectrum in which a 
free-run trigger is used. This does not improve the signal to noise ratio 
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but does better define the signals (and unfortunately any noise). Once an 
event is identified, averaging of the data is used to obtain the final 
spectrum. In this vein, auto-spectra were produced for specific sensor 
locations covering a bandwidth of 0-6.4 KHz. 

The order-related signals repeat exactly in each shaft revolution, and 
are phase locked to the once-per-rev tach signal. The once-per-rev tach 
serves as a common trigger for data collection and the synchronous time 
averaging process. This process separates the order-related and non 
order- related fluctuations, with the end result being a order related 
waveform minus noise and any periodic, non order-related signals. 
Synchronous averaging improves the signal-to-noise ratio (SNR) of order 
related signals. For this data, 700 averages were used, which improves 
the SNR by a factor of 26. The spectra of such synchronous averaged 
signals contain only order-related components. It was found that an 
averaged waveform record of two revolutions and a spectrum containing the 
first 64 orders of running speed were sufficient to obtain any significant 
synchronous data. 

All order related records were phase corrected. It was not necessary 
to do this for non order-related signals because the time delay error is 
small in comparison with the time scale of the pulsation events. To allow 
for phase correction, white noise was recorded on each tape track on each 
recorder. In playback, any phase shift that showed up between channels 
was due to tape recorder time delay errors. To be able to measure this 
time delay or phase shift, tracks 7 and 8, which were used for the 
tachometer during tesing, were used as reference tracks during the white 
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noise tests. The transfer function between each channel and track 7 and 8 
(the former was used for odd, the latter of even, channels was obtained. 
Since the transfer function is a complex function, it yields a magnitude 
and phase as a function of frequency. In this manner it was possible to 
obtain a phase correction for each channel. A transfer function was also 
obtained between tracks 7 and 8 so that odd and even channels could be 
compared. Odd and even tracks are on different heads. 

The data from the analog, FM tape, was digitized on HP 5423 spectrum 
analyzers and stored as raw data. Phase corrections and calibration 
factors (slope and intercept of the linear calibration curve) were 
applied. The resultant data was stored separately as corrected data. 

Both raw and corrected data are stored on hard disk and backed up on 
magnetic tape cartridge. In order to expedite the massive data reduction 
and storage tasks, a computer program was written, using an HP 9816 
desktop computer. This program manages the data handling between 
instruments, stores calibration factors, labels, phase correction data and 
sensor and test condition information. The program also performs 
statistical manipulation of the data and provides the overall control 
needed to automate the data reduction process. Another program was 
designed to analyze the synchronous data. This program allows for graphic 
display of waveforms and spectra, in a real time display or generates 
hardcopy plots using a digital plotter. The results of the various data 
display methods are found in the Data Analysis and Interpretation section 
which follows later in this report. 
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VALIDATION AND COMPARISON OF TEST DATA 


In order to establish confidence in the accuracy of the test data 
obtained during the course of this program, it is desirable to make 
comparisons with results from similar investigations found in literature. 
Three of the references mentioned in the literature survey will be used 
for this comparison. References (1) and (5) offer experimental results 
while Reference 4 presents numerical results based on an analytical model 
used to predict pressure pulsations from impeller/diffuser interaction. 

The work of Kanki, etal (Ref. 1) includes the measuring of unsteady 
pressures at the discharge of a 2000 specific speed pump impeller. His 
work was focused on measuring the fluctuating radial loads on a pump rotor 
due to the synchronous interactions of an impeller and a diffuser or 
volute scroll. The comparison of Kanki 's data with data from this program 
can be found in Figure 5. Kanki 's results are plotted against the 
discharge flow coefficient from the impeller. Data for configurations A 
and B are shown. These amplitudes include only those orders of pulsation 
activity greater than or equal to blade pass frequency. This is done to 
filter out pulsation activity not associated with impeller/diffuser 
interaction. Good correlation is observed with Kanki' s two data points. 
Also notice the variation in the clearance ratio between impeller 0D. and 
diffuser ID. Kanki' s data with a ratio of 1.03 falls between the two test 
configuration ratios of 1.02 and 1.06. 
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IMPELLER PRES PULSATIONS 

COMPARISON WITH KANKI etal 

o 17 CL= 1 .02 A 17 CL= 1 .06 ♦ KANKI/ 

MITSUBISHI 


KAM<1 



(Q/A2) / U2 


Comparison of Pressure Pulsations Measured, 
the Impeller Q . XL 

This data compares test results from sensor 
location 17 with results from Kanki (Ref. 1 


Figure 5 , 





Data from Brennen etal (Ref. 5) was obtained on a sub-speed test rig 
utilizing modified hydraulics from the SSME High Pressure Oxygen Turbo 
Pump ( HPOTP ) . Pressures were measured on the diffuser vane surface by 
piezo-electric transducers. Pressure pulsation levels are plotted in a 
nond imensional form versus the diffuser vane length. A comparison of this 
data with test data from Configurations A and B is found in Figure 6. The 
data is for impeller exit flow coefficients of between .110 and .100. 
Brennan does measure higher pulsation levels near the leading edge and 
along the pressure surface. Good agreement is found along the suction 
surface. The discrepancies may be due to the different blade loading 
characteristics of the two designs. In the Brennen test rig, eight of the 
seventeen diffuser vanes of the HPOTP design are removed. The 
impeller/diffuser clearance ratios are similar, falling between 1.02 and 
1.06. Brennen does report higher pulsation levels at higher flow 
coefficients. The generic test configurations were tested over their 
intended flow range, which produces a maximum flow coefficient of .110 at 
the maximum flow condition which is 125% of design. Our test data show 
that pulsation activity in some of the components begins to increase as 
flow is increased beyond the design point of the machine. 


The work of lino (Ref. 4) provides the results using an analytical 
model to predict dynamic loads on impeller blades due to 
impeller/dif fuser interaction. His model utilizes two-dimensional 
potential flow theory. The singularity method is used to analyze the 
unsteady velocity field in the impeller. A Fourier series is used to 
express unsteady flow quantities, and the unsteady Bernoulli equation for 
a rotating coordinate system is applied to solve the unsteady pressure 
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Punsteady / (1/2) pU*2 


OFF vane pressure pulsation 

COMPARISON WITH CAL TECH 



C omparison of Pressure Puls a tions Measured 
^ 1 on g the Dif fuser Vans . 

This data compares test results from the 
diffuser passage sensors with results from 
Brennan (Ref , 5) . 


Figure 6 . 


field. Numerical results are provided for specific configurations. One 
of these configurations is close to our generic design and can be used for 
comparison purposes. The result of this comparison can be found in Figure 
7. The diffuser inlet and impeller exit angles are similar, as is the 
clearance ratio between the impeller and diffuser. lino calculates 
results only at the impeller exit radius (radius number K=20). The 
pressure side transducer location in the test case (configuration A) is 
closer to his radius number of 16 (with K=1 being the inlet radius). In 
order to determine the exact correlation with lino's model, the complete 
analysis would have to be installed on a computer and the solution found 
for the other impeller radius numbers. The comparison presented is still 
interesting. If the analytical results are accurate, one would expect an 
increase of pulsation activity between our test location and the impeller 
exit of between 300% and 500% depending on flow coefficient. At a flow 
coefficient of .20, the increase in pulsation level (normalized to 
impeller exit velocity head) would be from .25 to .75 (if the lino curve 
is extrapolated). At a flow coefficient of .100, the pulsation levels 
would increase from .085 to .430. It is difficult to totally accept the 
lino result due to the complicated fluid dynamic activity occurring as the 
result of impeller and diffuser flow, including viscous effects. The work 
is still valuable since it does identify key elements of the causes of 
synchronous pulsation activity, these being the clearance between impeller 
and diffuser and the load distribution on the diffuser blades. Both of 
these conclusions are verified in the test data obtained in this program. 
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COMPARISON OF UNSTEADY PRESSURES 
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DATA 
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NUMERICAL 
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Rdif/Rimp=1.03 


EXPERIMENTAL 
K= 1 6 

Rdif/Rimp= 1 .02 


0.05 


0.10 


0.15 


0.2C 


IMP EXIT FLOW COEF Vm/U2 


Comparison of Pressure Pulsations From Test 
and ^rom Analysis t 

This data compares test results with calculated 
pulsations from lino (Ref, 4), 



A final point of test data validation concerns the comparison of one 
of the test pressure sensors (Kulite XT-190 piezo-resistive type) with a 
piezo-electric type (Kistler 211B). Each sensor was installed in the 
discharge head of a reciprocating pump operating at a speed which created 
discharge valve opening and closing at a frequency of 60 Hz. The 
resulting pressure waveforms were compared for frequency and amplitude and 
found to be identical. 
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DATA ANALYSIS and INTE RPRETATION 

The question of how to organize and display the large amount of 
information produced by this test program in a logical and informative 
manner is an important one. The format uses discrete plots of data 
combined with a description of how the plots (or group of plots) 
contribute to an understanding of the nature of fluctuating pressures in 
the pump components. Topics covered in this section include the effect of 
impeller to diffuser clearance, diffuser vane loading, interaction between 
impeller and diffuser vane number, attenuation of fluctuating pressures 
through the stage, non- synchronous pulsation behavior, and scaling of 
pulsations with speed. 

To facilitate the study of the plots, Figures 8 and 9 are provided to 
describe the nomenclature used in the presentation of the synchronous 
plots. When reviewing the plots, an awareness of the sensor location and 
flow condition is necessary. Information on operating conditions can be 
found in Table 3. This information includes pump speed, fraction of 
design flow and exit flow coefficient. Reference must also be made to the 
figures identifying the location of sensors installed in the various pump 
components (Figures 10 thru 16). A configuration guide summarizing the 
key geometrical parameters for each configuration can be found in Table 
2. The data are organized into two sub-sections. The first includes 
synchronous pulsation data only, this information coming from the 
synchronous time averaged pressure waveforms and spectral analysis. The 
second section includes non- synchronous and non-periodic type fluctuating 
pressure activity. 
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AMP/1/2 pLT 



EXAMPLE OF SYNCHRONOUS. TIME— AVERAGED. PRESSURE WAVEFORM 

(200 REVOLUTIONS IN AVG) 


Figure 8, Definition of Nomenclature Used on Synchronous, 
Time-Averaged, Pressure Waveform Plot 
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AMP/1/2 pLT 


— TOTAL AMPLITUDE OF 
PRESSURE PULSATION 
OCCURRING AT EACH 
ORDER OF ROTATION. 
NORMALIZED TO IMPELLER 
EXIT TIP SPEED 
VELOCITY HEAD 



SENSOR LOCATION 


ORDER OF ROTATION BASED FREQUENCY COMPONENTS 
OF SYNCHRONOUS. TIME-AVERAGED PRESSURE WAVEFORM 
(200 REVOLUTIONS IN AVG) 


Figure 9. Definition of Nomenclature Used on Plots 
Showing the Rotation Based Frequency 
Components of the Pressure Waveform 
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OPERATING 

CONDITION 

RPM 

APPROXIMATE 
FRACTION OF 
DESIGN FLOW 

EXIT FLOW COEFFICIENT 
FOR EACH CONFIGURATION 

"A" ,f B ,f "C" 

FI 

2300 

.25 

.020 

.020 

.019 

F2 

2300 

.50 

.040 

.043 

.042 

F3 

2300 

.75 

.063 

.069 

.068 

F4 

2300 

1.00 

.081 

.087 

.087 

F5 

2300 

1.25 

.103 

.110 

.107 

F6 

1780 

1.25 

.105 

.112 

.108 

F7 

1780 

1.00 

.081 

.087 

.087 

F8 

1780 

.25 

.016 

.018 

.018 

F9 

2700 

.25 

- 

- 

.019 


EXIT FLOW 

COEFFICIENT - Cm/U2 





Operating '"’on^ition Guide 
Table 3 
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SCROLL SENSOR LOCATIONS 





Figure 1 1 , 


Scroll Sensor Mounting Locations 
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IMPELLER SENSOR LOCATIONS 



Figure 15 , Impell er Sensor Mounting Locations , 


Locations 15 and 17 are directly 
from each other. 
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The dominant activity observed is synchronous in nature and is related 
to impeller/diffuser interaction. Other observed phenomena were related 
to system piping configuration, low flow unsteadiness due to boundary 
layer growth and separation and to structural resonance which is excited 
by the synchronous pulsation behavior. The influence of synchronous 
pulsation behavior is important in all pumping turbomachinery, regardless 
of application or energy levels. Of course as energy levels increase, the 
severity and impact of the fluctuations on structural integrity are of 
more concern. 

Pressure pulsations are indications of acceleration and deceleration 
of the local flow velocity. A number of causes exist for this variation 
in flow velocity. 

1. To a stationary observer located just outside the impeller OD, 

the absolute flow velocity observed varies with each impeller 
vane pass. This variation is due to the addition of torque to 
the fluid within the impeller passage. The larger the torque 
change (which is the case at low flow rates), the greater the 
variation in relative velocity and also the variation in static 
pressure across the passage. The variation in velocity is 
attenuated as the reference position is moved farther from the 
impeller discharge. This also attenuates the resultant pres- 
sure pulsations. 

2. From a location on the rotating impeller, variations in the 

relative through flow velocity also occur. These variations 
are caused by the presence of the diffuser vanes downstream 
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(or volute cutwaters) are 


of the impeller exit. Diffuser vanes 
used to turn the absolute flow from a tangential direction to 
a more radial direction. This reduces the absolute velocity 
thereby converting the potential energy of the absloute flow 
into static pressure. In doing this, a torque 

is exerted on the flow field and like the impeller, creates a 
circumferential pressure variation across the diffuser passage. 
Flow in the impeller responds to this variation in back 
pressure and correspondingly speeds up or slows down according 
to the exit condition at the particular location. The pressure 
variation is dependent on the diffuser design (how much torque is 
being removed from the flow) and the degree of incidence to the 
vane leading edge. The degree of response of the flow in the 
impeller is also dependent on the distance the impeller is 
from the leading edge of the diffuser and its accompanying 
pressure field. 

3. Half and quarter-wave pipe or passage resonances will also cause 

variations in flow velocity and resultant pressure oscillations. 

4. Unsteady flow in passages due to boundary layer growth, separation 

and re-attachment causes fluctuations in flow velocity and 
pressure pulsations. This behavior can be found in diffuser and 
impeller passages. Severe changes in velocity can be found 
in these cases, since it is common for flow to actually reverse 
before recovery in the passage occurs and correct through flow is 

resumed. 

5. Structural resonances impart motion to fluid adjacent to the 

vibrating element. This motion radiates through the liquid and 
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is another source of pressure pulsation. 

All of the above phenomena have been observed through the course of 
this testing. At times all these elements exist together, with the result 
being a complicated time record of pressure behavior. By using techniques 
such as synchronous time averaging and FFT analysis the different 
components of the waveform can be separated and identified as resulting 
from one of the above phenomena. 


A summary of synchronous pressure pulsation levels (normalized to the 
impeller exit velocity head) is shown in Table 4. The levels are 
peak-to-peak amplitudes and are representative of activity in the three 
major elements in the pump; impeller, diffuser and volute scroll. The 
value of the peak-to-peak amplitude at a specific location is important in 
that it determines the variation of the forces acting upon the local 
structure. The average pressure (referred to as the DC component of the 
pressure waveform), when added to the alternating component is used to 
determine the total force applied at that location. The largest 
amplitudes are found in configuration A (AI5, APIB3 , AS7) which is the 
configuration with the smallest clearance ratio between impeller and 
diffuser. The location where the largest amplitudes occur is on the 
diffuser vane pressure surface, near the leading edge. Pulsation 
amplitudes are somewhat attenuated in the scroll area (AS7, BS7, CS7) with 
the peak-to-peak amplitudes 15 to 30 percent less than those found at the 
diffuser vane. Flow condition has a large effect on pulsation levels. 

Three flow conditions are shown on Table 4, FI is 25Z of design flow, F4 
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ELEMENT 


LOCATION 


CONDITION 




FI 

F4 

F5 

SCROLL 

AS 7 

.07 

.05 

.05 


BS7 

.05 

.045 

.03 


CS7 

.02 

.01 

.01 

DIFFUSER 

APIB3 

.21 

.23 

.30 


BPIB3 

.11 

.14 

.17 

IMPELLER 

AI5 

.17 

.06 

.08 


BI5 

.07 

.03 

.03 


CI5 

.07 

.03 

.03 


ALL VALUES NORMALIZED TO IMPE LLER VELOCITY HEAD 
AP / 5 P U 2 2 


TABLE 4 

Synchronous Pressure Pulsation Amplitudes 
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is the design flow and F5 is 125% of design. The scroll locations "see" 
decreasing pulsation activity as flow rate is increased. The impeller 
locations have minimum activity at the design condition (F4), which 
indicates that matching of the absolute flow angle to the diffuser vane 
angle minimizes the pressure field disturbance around the leading edge of 
the diffuser. The pulsation activity continues to increase as flow rate 
is increased. A nearly periodic, rotating stall exists in configurations 
B and C, at the low flow condition. The magnitude of the pressure 
variation caused by the stall is about 20% of the impeller exit velocity 
head. This value is measured at the diffuser inlet. Pressure 
fluctuations measured in the scroll during this phenomenon are less than 
half of those measured in the diffuser itself. Pulsations measured due to 
the vibrations of the impeller shrouds are only 2.5% of the impeller exit 
velocity head. These pulsations are not measurable in the collector 
scroll. 


The following subsections provide details regarding the fluctuating 
pressures observed and recorded throughout the course of the test program. 
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Typical Selection of Sensors 


Locations: AS 7, 

APIB3, 

AI5 

BS7, 

BPIB3, 

BI5 

CS7 , 

CI5 


Conditions: FI, 

F4, F5 



The information shown on these plots is used to generate Table 4. 

These are synchronous waveforms, the result of synchronous time 
averaging. They are representative of the pulsation activity occurring in 
the various components of the pump. 
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Circumferential Uniformity of Impeller Exit Sensors 
Locations: AI1,...,AI5 

Condition: FI 

The uniformity of the pressure waveform (synchronously averaged) 
from one impeller sensor to another is shown in this series of plots 
sensors are equally spaced in each of the 5 impeller passages. The 
magnitude and characteristic shape of each waveform are essentially 
identical. These plots help serve to establish the reliability of 
sensors, data collection and data reduction procedures. 
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Circumferential Uniformity of Diffuser Throat Sensors 
Locations: BD1,...,BD17 

CD1 , . . . , CD21 
Condition: F4 

The circumferential uniformity of the synchronous pressure pulsation 
waveforms for configurations B and C are shown in this series of plots. 
The magnitude and characteristic shapes of the waveforms are essentially 
identical. These plots serve to establish the reliability of the sensors, 
data collection and data reduction technique. Each waveform is the 
sychronous pressure history at a different diffuser inlet location. 
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Effect of Clearance and Diffuser Vane II in Impeller Exit Sensors 
Locations: AI5,CI5,BI5 

Conditions: F1,F2,F3,F4,F5 


The changes in pressure pulsation amplitudes at the impeller exit for 
varying impeller/diffuser clearance and two different diffuser vane 
numbers are shown in this group of plots. The amplitudes for CI5 (11 vane 
diffuser) are actually less than for BI5 in spite of the larger clearance 
ratio of BI5 (1.059 vs 1.041). As expected, the increase in clearance 
ratio between AI5 and BI5 (9 vane diffuser, ratio change from 1.021 to 
1.059) results in a reduction in pulsation amplitudes. Notice the large 
1st order component of CIS at FI ( 25%Q) . This configuration (C) 
incorporates an extension of a diffuser vane to the scroll cutwater, in a 
fashion similar to the HPTFP. This appears to have an effect at low flow, 
but no effect at the higher flows tested (75% to 125% Q). 
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Effect of Impeller/Diffuser Clearance on Diffuser Inlet Sensors 
Locations: APIB2,BPIB2 

Conditions: FI ,F2,F3,F4,F5 

The effect of impeller/diffuser clearance on pulsation amplitudes at a 
location midway between the diffuser blade leading edges is shown m this 
group of plots. Data is shown for configurations A and B (clearance 
ratios of 1.021 and 1.059 respectively). Pulsation amplitudes decrease 
with increasing clearance. 
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Effect of Impeller/Diffuser Clearance on Scroll Sensors 
Locations: AS7,BS7,CS7 
Conditions: F1,F3,F5 

The effect of impeller/diffuser clearance on pulsation amplitudes in 
the scroll (specifically the outer wall, upstream of the throat) is 
displayed in this group of plots. Pulsations are reduced with increased 
clearance (configuration A vs B) or by increasing diffuser vane number (A 
vs C). The dominant frequency (or order of rotation) is 10 X rotation or 
twice the impeller vane passing frequency. This is expected for this 
combination of impeller and diffuser vanes. A method for identifying the 
orders of pulsation activity due to interaction of impeller and diffuser 
vane passing frequencies is found in Table 5. 
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CONFIGURATIONS "A" & "B" 

P2 = it Imp vanes x order of rotation 
I 10 15 20 25 30 35 AO A5 50 



j P2 - P3 j 


CONFIGURATION "C" 

P2 = // Imp vanes x order of rotation 
10 15 20 25 30 35 40 45 50 



If 1 P2-P3 j = - 0,1 or 2 Pressure pulsations will be present 
Pulsations most severe if the difference is 0. 

Reference: Bolleter, U., "Blade Passage Tones for Centrifugal Pumps", 

Vibrations, Vol. 4, No. 3, September 1988.. 


Table of Impeller/Diffuser Interactions 
Table A-3 
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5th Order Pulsation Component at Diffuser Throat Sensors 


Locations: AD1,...,AD17 
BD1 , . . . ,BD17 
CD1 , . . . ,CD21 

Conditions: F1,F2,F3,F4,F5 


The variation of the 5th order component of the pressure pulsations 
occuring in the inlet throats of all 3 configurations is shown on this 
plot. The values represent averages of all circumferential sensors. 
Configuration C deviates from the variation in fluctuations due to 
increased impeller/diffuser clearance due to its higher vane number (11 vs 
' This higher vane number leads to lower blade loading. Configurations 
A and B are identical diffusers in design but show the effect of increased 
clearance ratio (from 1.021 to 1.059). 
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Attenuation of Pulsation Components for Diffuser and Scroll Sensors 
Locations: APIB2,APIB3,AD1,AD2,AS7,AS6 

BPIB2 , BPIB3 , BD1 , BD2 , BS7 , BS6 
CD1 , CD2, CS7 ,CS6 
Condition: FI 


The attenuation of the components of the synchronous pressure 
waveforms from the diffuser inlet to the scroll locations is shown in this 
group of plots. A check of the potential interactions found on Table 5 
shows the orders one expects to see due to the vane interaction. The 5th 
order domimates at locations close to the impeller but at locations 
farther from the impeller and closer to the discharge of the scroll the 
10th order dominates. For configurations A and B, there is similarity in 
the pulsation characteristics for the three sensors located near the vane 
leading edge (PIB2, PBI3 and Dl). The attenuation of the pulsations 
appear largest with configuration C. 
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Attenuation of Pulsations, Pressure Side of Diffuser Passage 
Locations: APIB3 , APIB6, APIB9 

Conditions: FI, F5 

The attenuation of pulsation activity along the pressure side of the 
diffuser vane is shown in these plots. The large 5th order component 
which dominates at the leading edge, is reduced at the trailing edge of 
the vane (APIB9) and the 10th order (which is a result of the interaction 
of all impeller and diffuser vanes) becomes dominant. 
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Attenuation of Pulsations, Suction Side of Diffuser Passage 
Locations: APIB1, APIB4, APIB7 
Conditions: FI, F5 

The attenuation of pressure pulsation activity along the suction side 
of the diffuser vane is shown in these plots. The 5th order component of 
the pulsation is much reduced at the trailing edge location (APIB7). The 
sensor located at the leading edge (APIB1) displays different 
characteristics as compared with the other locations. A multitude of 
synchronous orders of measurable magnitude are present. It cannot be 
determined whether this phenomenon is a function of the behavior on the 
suction surface of the vane or is a problem with the sensor itself, the 
sensor installation, or the data acquisition process. The behavior occurs 
at both extremes of flow rate (FI & F5), so does not appear to be 
seriously affected by changes of flow angle approaching the vane leading 

edge. 


119 


1 REV 


APIB1 






AMP/1/2 pLT 







122 






124 


PRECEDING PAGE BLANK NOT FILMED 






Scalability of Pulsation Activity, Impeller, Diffuser, Scroll Sensors 
Locations: CI5, CD1, CS7 
Conditions: F9, FI, F8 

The variation of pressure pulsation for 3 speeds, at a constant 
fraction of flow rate (25% of design, flow coefficient of .019) is 
displayed in this series of plots. The 3 speeds displayed are 1780, 2300 
and 2700 rpm. The order plots for each waveform are included and can be 
used to compare the scalability of the pulsations since the orders are 
plotted in non-dimensional form (normalized to impeller exit tip velocity 
head). The impeller (CI5) shows reasonable consistency in pulsation 
activity with some variation in the first order. The diffuser sensor 
(CD1) shows excellent scalability of the orders of pulsation activity. 

Poor scalability is observed in the scroll sensor (CS7) as evidenced by 
the 3 to 1 variation in the dominant 10th order. The high speed condition 
(F9, 2700 rpm) is 3 times that of the low speed condition (F8, 1780 rpm). 
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Scalability of Pulsation Activity, Impeller, Diffuser, Scroll Sensors 
Locations: CI5, CD1, CS7 , CS6 
Conditions: F4, F7 


The scalability of pulsation amplitudes at the design flow of the test 
pump (100% flow, flow coef f icient=. 087 ) is shown in this series of plots. 
The plots of the orders of the pulsations can be used for direct 
comparison of scalability since they are plotted non-dimens ionally 
(normalized to impeller exit tip speed). The impeller data indicates 
reasonable scalability, with an unexplained 2nd order amplitude present at 
the reduced speed (F7). The diffuser sensor produces good scalability at 
all orders, with a second order amplitude again present at reduced speed. 
The scroll sensors (CS6 , CS7 ) produce good scalability of the dominant 
10th order. The second order amplitude evident on all the low speed 
conditions may be a result of a shaft (rotordynamic) instability causing 
variations in impeller/dif fuser clearance. This second order amplitude 
appears on all configurations (A, B, C) at the low speed conditions (F6, 
F7 , F8) 
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Pulsation Activity vs Flow Condition 
Locations: BPIB2, BPIB3, BD1, BD2, BS7 
Conditions: FI, F3, F4, F5 


The attenuation of the synchronous components of pressure pulsations 
in the stationary elements of * B 1 configuration for 4 flow conditions is 
shown in these plots. BPIB2,BPIB3, and BD1 are locations in the diffuser 
inlet area, BD2 is in the diffuser exit and BS7 is located in the scroll 
outer wall. The dominant order is the 5th, which corresponds with 
impeller blade passage frequency. The minimum of 5th order activity 
appears to occur at the F3 and F4 conditions (for the 3 sensors located 
near the impeller; BPIB2, BPIB3, and BD1). This is to be expected since 
the design point for this diffuser is F4 (100Z Q). Synchronous pulsation 
levels in the scroll (BS7 ) are very low, with the largest amplitude 
occurring at the minimum flow condition, FI and at the 10th order of 
rotation frequency. 
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Stationary Sidewall Sensors 
Locations: AWIB6, AWIB5 
Conditions: FI, F4, F5 

The effects of impeller/diffuser interaction in the clearance between 
the impeller and sidewall can be found in this series of plots at 3 
different flow conditions. The variation in pulsation activity with flow 
follows the same pattern as do the diffuser sensors. The minimum of the 
activity occurs at the design flow condition (F4). The 10th order 
pulsation activity becomes dominant at the locations farther away from the 
interaction locations (WIB5) as is the case with sensors in the discharge. 
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Maximum Amplitude Pulsations, Impeller Vane, Pressure Surface 
Locations: AI8, BI8, CI8 
Conditions: FI, F2, F3, F4, F5 

The largest pressure pulsations observed throughout the course of 
testing occurred on the pressure surface of the impeller (18). The 
amplitudes of the pulsations at this location for all three configurations 
are shown in this series of plots. The maximum amplitude occurs at the 
low flow condition FI. Minimum activity is found at the design point 
condition of F4. The effect of impeller to diffuser clearance ratio is 
quite noticable (compare configuration A, 1.02 ratio with B, 1.06 ratio). 
Attenuation of the dominant 9th order (for configurations A & B) is on the 
order of 50% when the clearance is increased. The alternate diffuser 
design (Configuration C, with 11 vanes) produces much reduced pulsation 
activity in the impeller, due to its lower blade loading and reduced 
pressure difference from suction to pressure surface. 
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Diffuser Quasi-Rotating Stall 
Locations: BD1, BD3, ... , BD17 

Condition: FI 

A family of plots containing the steady and alternating components of 
the pressure signal of diffuser inlet sensors operating at 25% of design 
flow is shown here. Evident in these plots is a trend showing a pressure 
fluctuation occuring at uniformly staggered time intervals in adjacent 
passages (indicated by dashed lines). This pattern is not fully developed 
and is not repetitive in a periodic fashion. An assumed frequency of 
rotation of the diffuser stall can be estimated and appears to be 
typically between 4 and 6 hz (for tests at the 38 hz rotation frequency). 
This phenomenon will be termed a quasi-rotating stall, since it is not 
fully developed interms of rotation and periodicity. An enlarged portion 
of a small segment of a pressure waveform is shown on the next page and 
describes the conditions in the diffuser passage during the stall event. 
This phenomenon occurred on the 1 B ' and ' C ' configurations. The close 
impeller/dif fuser clearance of configuration 'A' apparently discouraged 
this behavior from occurring. Apparently the interaction of the impeller 
jet/wake exit flow condition influences the boundary layer development on 
the diffuser vanes. It is the boundary layer growth and separation which 
causes the passage to stall. This unsteady behavior is found only at low 
flows and was not found at any flow greater than 25% of design. 
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Time waveforms for 2.5 seconds of 
diffuser inlet pressure transducers. Waveform 
alignment is consistent with time = 0 on the 

left hand side. All data at 25% of design flow. 
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t-A- Diffuser passage is operating with about a 
5-6 psi pressure rise. 

-B- Diffuser passage is stalled and discharge 
pressure is now seen at the diffuser inlet 
throat . 

-C- Diffuser is ’unstalled' and is once again 
passing flow with a pressure rise similar 
t o -A- . 


Unsteady pressure behavior. Time 
waveform for pressure transducer located at 
diffuser throat inlet. Pump is operating at 
flow condition Fl . 25% of design flow and 2300 rpm. 
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Scroll, Diffuser and Sidewall Sensors during Quasi -Rotating Stall Event 

Locations: BS7,BS6 

BD15, BD13, BD11 
BWIB5 , BWIB3 
Condition: FI 

The relationships between sensors in various areas of the pump stage 
during the quasi-rotating stall event (at 25% Q) is shown on this plot. 
The scroll sensors do show some response to the unsteady flow behavior 
occurring in the diffusers. Also noticable is the response in the 
clearance between the impeller and stationary sidewall. Pressure 
fluctuations here (WIB3, WIB5) relate to the events occurring at the 
diffuser and are of similar or larger magnitude. This behavior, so near 
the ring seal area can influence the rotordynamic characteristics of the 
shaft since the circumferential variation in pressure will affect the 
leakage rate and hence the stiffness and damping capability of the ring. 
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BS7F1 



Time waveforms for 2.5 seconds for sensors located 
on the outer wall of the scroll (BS7 4- BS6) and diffuser inlet 
(BD11 4- B D 1 3 + BD15) , Waveform alignment in time is consistent 
with time = 0 on left hand side. All data at 25% of design flow 
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Occurrence of Quasi-Rotating Stall in Configurations A & C 
Locations: ADI, AD3, ... , AD17 
CD], CD3 , ... , CD21 
Condition: FI 

Tl - qi e s i ■ ) c ' at ing stall -vert (at low flow condition) occurs in 
configuration C but not in configuration A. The pressure waveforms for 
configurations A and C are shown in these two plots. Each plot contains 
about 95 shaft revolutions, or about 2.5 seconds of data. The boundary 
layer growth and separation characteristics which promote the passage 
stall are dependent on the strength of the jet/wake activity (ie. large 
variation in impeller exit relative velocities). This activity is most 
prevalent at low flow conditions. Configuration A, which has a 1.02 ratio 
of impeller OD. to diffuser ID., exhibits no quasi-rotating stall. The 
close proximity of the jet/ wake activity exiting the impeller to the 
diffuser passage must discourage the growth of a thick boundary layer, 
which is a necessary ingredient for diffuser stall to occur. The 
increased clearance of configuration C (and for B shown earlier) provides 
the necessary distance for the attenuation of the jet/wake activity. This 
attenuated variation in exit velocity is not strong enough to upset the 
development of the boundary layer on the vane and side wall surfaces. The 
boundary layer, allowed to thicken, becomes susceptible to separation and 
hence leads to the switching of the stall from one diffuser passage to the 
next, and so on. 
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Impeller Passage Stall at Low Flow 
Locations: BI1, BI5 

Conditions: FI 

These 5 impeller pressure transducers are located midway in the 
passage, between the suction and pressure surfaces of the blades at a 9.54 
in. diameter, on the hub side wall (sensing element normal to the flow 
passage). The plot of BI1 thru BIS is of pressure data taken over 2.5 
seconds, or about 95 shaft revolutions. The large once-per-rev amplitudes 
are evident on the plot (if counted they number 95-96). The data is 

correctly phased in time, with T=0 on the left hand side. It is believed 
that the large once-per-rev amplitude is due to the eccentric operation of 
the impeller inside the vaned diffuser. In this condition, the individual 
sensors, as they are rotating, see a varying clearance to the diffuser. 
The physical eccentricity can be small and still create this effect. 
Superimposed on this periodic signal is a phenomenon which apparently 
interupts the reaction of the sensor to this mechanically induced effect. 
The disruption occurs in all 5 passages, but not simultaneously or 
periodically. It is clear that the eccentricity is still present, since 
the unaffected passages retain the once-per-rev behavior. One explanation 
could be that the affected passage has stalled, and is no longer passing 
flow in an outward direction (in fact reverse flow may be occurring). 
With no positive flow, the passage is no longer reacting to the varying 
clearance in the manner that a fully flowing passage would. It appears 
that this behavior is completely random. This effect was only looked for 
the FI and F4 conditions. It does not occur at the design point flow, 
F4. No correlation can be found with the diffuser rotating stall event 
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described earlier and occurs in all configurations. This severe impeller 
stall is related to the well known inlet recirculation phenomenon 
encountered on pumps operating at flows below the design point. 
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Impeller Shroud Resonance & Resulting Pulsation Activity 
Locations: AI5, BI5 

Conditions: FI, FA 

The 15 sensor is located on the impeller hub side wall, facing the 
flow passage. The difference between configuration AI5 and BI5 consists 
of a reduced impeller diameter. The two bottom plots on the next four 
pages show the spectra of the pressure waveforms at two flows (25% - FI, 
and 100%,- F4) for 2 frequency ranges, using an RMS, half -amplitude psi 
scale. The orders of the synchronous pulsation activity are shown on the 
top plot. What appears on the power spectrum are pulsations which are not 
order (ie. rotation) related, as well as pulsations which are synchronous 
in nature (which are also shown in the top right plot). In the region 
between 1600 and 1800 hz (for AI5), we find amplitudes at the 43,44 and 
45th order of rotation (rotation frequency is 38 hz) with a large amount 
of "sideband" activity. This indicates a resonance of the impeller side 
wall which contains the pressure transducer. This vibration causes the 
transducer to 'see' a pressure amplitude caused by the motion of the wall 
itself. This behavior occurs only with the "A" configuration. The 
cutting of the impeller diameter (to the "B" configuration) either reduced 
the excitation forces (the impeller/diffuser interaction phenomenon) or 
changes the resonant frequency of the impeller wall. The B 
configuration does not show this resonant behavior in the region of 
1600-1800 hz. In fact it does show an amplitude at around 2200 hz which 
does not appear on the "A" configuration and could be explained as a 
higher impeller sidewall resonance frequency. 


181 









d 

Ui 

Q 

tE 

O 


O 


o 

GO 

C\J 

cn 


s 

i 


s 

5 

CD 



CJ K-l h- 


183 


A SPEC 1 Hfc 801 #A: 80 EXPAND A SPEC l 






DC 

Ui 

Q 

DC 

O 


O 


o 

CD 

CU 


2 

o 

UJ 

CL 

CO 


CO 

CO 

CO 

a 

§ 

a 

z 

— i 
LU 

2 

§ 

a 

t-H 

in 

1 

£ 

H- 

-< 

Hi 

-J 

8 

5 

LD 
2= 
1— l 

CJ 

z 

>- 

CO 

cc 

3 

l— l 

CC 

1 

1 

£ 

a 

o 

£ 


Hi CD 

o 


r- 

co 


o 

o 


o 
CJ o 

UJ o 


■2 


8 

S 


* f 4 

a 

* 

ii 


184 






Pulsations Resulting From System Piping Resonance 
Locations: All Locations 
Conditions: All Conditions 

There appears around 800 hz on the spectra, a pulsation amplitude 
which is not related to rotation, impeller/diffuser interaction, sensor 
location or flow condition. This frequency may correspond to a piping 
resonance. A pipe length of 3 feet, undergoing a half-wave resonance 
would show pressure pulsation activity at 800 hz. This 800 hz resonance 
appears on all the plots shown. Pipes of 3 and 4 feet are mounted at the 
inlet and discharge of the pump, with ninety degree elbows attached to the 
end opposite the pump attachment. 
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High Frequency Pulsation Activity in the Scroll 
Locations: AS7, BS7 
Conditions: FI, F4 

Order related pulsation activity appears to be attenuated to levels 
not measurable with the test instrumentation. The following plots contain 
data for a scroll sensor operating at two flow rates and at two impeller 
to diffuser clearances. The top plot contains only order related 
information, and is a product of synchronous time averaging. All 
non-order related information is removed from this plot. The bottom plot 
is obtained from a free-running FFT spectrum analysis. It contains 
pulsation data (in a logrithmic, RMS psi amplitude scale) for both 
synchronous and non- synchronous phenomena. The scale for the bottom plot 
is logarithmic, and ranges from .01 to 1000 psi. It displays the data in 
half -amplitude, RMS values. To convert to peak-to-peak values in psi 
units, the value from the plotted scale must be multiplied by 2 and 1.414 
(eg. 10th order from AS 7 , FI 1.6 psi x 1.414 x 2 = 4.52 psi 
peak-to-peak). The only activity observed on these bottom plots is a low 
level region of activity, less then .2 psi RMS and occurring between 3.6 
and 4.5 KHz. It is believed that this pulsation is not related to the 
pump geometry, of any manner of fluid activity in the machine. After 
studying the behavior of sensors in the diffuser and impeller the 
conclusion was reached that this activity is due to the resonance of an 
air bubble trapped between the screen mesh and diaphragm of the 
transducer. The frequency is directly proportional to the change in local 
static pressure (for the same sensor, but observed at different flow 
rates) . 
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CONCLUSIONS 


The purpose of this test program has been to gain insight into the 
occurrence of pressure pulsations in a multistage centrifugal pump and 
identify areas of improvement for reducing the pulsation levels in the 
HPFTP . Detailed mapping of pressure pulsation activity in the elements of 
a diffuser pump stage of similar configuration to the SSME HPFTP was 
conducted. A total of three configurations were tested. The effects of 
geometrical changes on pressure pulsations within these three 
configurations, was documented. Conclusions based on this testing are 
split into two parts. First, the observations relating to the generic 
hardware tested will be described. Second, how these observations relate 
to the case of the HPFTP experience will be discussed. 


Generic Configurations 

1. The dominant pulsation activity is related to the interaction of 
impeller to diffuser vane passing. This leads to frequency components 
which are integer multiples of rotation frequency (also refered to as 
orders of running speed) • 

2. Maximum pulsation amplitudes occur at blade passing rate (which is 
true for stationary or rotating frame of reference) and at locations 
nearest the vane-to-vane interaction. 
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3. At locations farther away from the interaction (eg. the outer wall of 
the volute scroll), the dominant order of pulsation is the result of the 
summation of all the interactions which occur in the pump. This order is 
not necessarily the direct vane passing frequency. 

4. A simple technique may be used to determine the synchronous pulsation 
frequency components which result from the impeller to diffuser 
interaction (Ref 2.) 

5. The peak-to-peak pulsation levels in the scroll were never found to 
exceed 7% of the impeller exit velocity head (ie. / (pl^ / 2g) ). 

6. Increasing the impeller to diffuser vane clearance (from 1.021 to 
1.059) reduces the pulsation level to a maximum of 5% of the impeller exit 
velocity head. Increase of the number of diffuser vanes (resulting in 
less diffusion and decreased vane loading) drops the scroll pulsation 
levels to a still lower level of 2%. 

7. The maximum pulsation levels in the scroll were found to occur as the 
minimum flow condition of 25% of design point. Increasing the flow causes 
a reduction in peak-to-peak amplitudes in the scroll. 

8. Pulsations dominated by the vane passing frequency (and measured near 

the area of the vane to vane interaction) are at a minimum when the flow 
is at or near the design flow condition. Pulsation levels increase as 

flow is either increased of descreased from the design point. 
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9. 


Highest peak-to-peak pressure pulsations were measured on the pressure 
surface of the impeller vane, at 25% flow and were 28% of the impeller 
exit velocity head. This occurred in the configuration with the closest 
clearance ratio. By increasing the clearance ratio from 1.021 to 1.059, 
this amplitude was reduced to 15% of the exit velocity head. Increased 
diffuser vane number also reduced the pulsation amplitudes. 

10. Pressure pulsations measured in the impeller and diffuser, at 
different speeds (but at similar flow conditions) follow the affinity laws 
(^po.u 2 2 ). Some pulsation levels measured in the scroll appear to 
deviate from the affinity laws. This is most likely due to resolution in 
the data collection and reduction process of the low level amplitudes in 
the scroll. 

11. An impeller shroud resonance is responsible for a low level pulsation 
amplitude measured on the impeller side shroud. This structural resonance 
is excited by the synchronous pulsation activity generated by the 
impeller /diffuser vane interactions. The resonance changes from 1700 Hz 
to 2100 Hz when the impeller diameter is reduced. 

12. A piping resonance of about 800 Hz is excited by the pulsations in the 
pump. The amplitude as measured in the pump is only about 2% of the 
impeller exit velocity head. 

13. A rotating stall was observed in the vaned diffuser. The stall (with 
variations of pressure levels in the diffuser of 20% of the impeller exit 
velocity head) does not completely rotate from each passage to the next. 
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The stall moves between 5 or 6 adjacent passages. These were not the same 
5 or 6 passages. For this reason, it is termed a quasi -rotating stall. 
The effective frequency of rotation (assuming a complete rotation) would 
be between 4 - 6 Hz. This phenomenon occurred only on the configurations 
with the largest clearance ratios (1.059 and 1.047). The close clearance 
configuration (A), did not exhibit this behavior. This quasi-rotating 
stall is observed only at the 25% flow condition. 

14. Impeller passage stall occurs at the 25% flow condition. The passages 

randomly, and for a duration of 2 to 4 shaft revolutions before 
positive flow is resumed. This event signifies fully developed backflow 
(also known as suction recirculation) in that particular passage. The 
condition is not uniform for all passages. 

15. Significant non-order and/or order related pulsation activity was not 
found above the 50th order of rotation. 

SSME HPFTP Configuration 

1. The HPFTP uses 13 diffuser vanes in its final stage, and a total of 24 
exit impeller vanes (half of which are quarter blade length splitters). 
The following interaction table (generated in the same manner as Table 5) 
indicates that this is a favorable combination of vane numbers for 
avoiding synchronous pulsation problems (Ref 2.). 
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Impeller Vane It Multiple 




_ 

24 

48 

72 

Diffuser 


13 

11 

35 

59 

Vane # 


26 

2 

22 

46 

Multiple 


39 

15 

9 

33 

This conclusion 

is 

based on the 

premise 

that the 

12 impeller exit splitter 

vanes are effective at sharing 

the blade loading 

with the longer impeller 

vanes. If separation has occurred in the impeller passage upstream of the 

splitters, the 

splitters will 

not be 

effective 

. An impeller operating 

with 12 effective 

blades would have an interaction table as follows. 




Impeller Vane // Multiple 



_ 

12 

24 

36 

Diffuser 


13 

1 

11 

23 

Vane // 


26 

14 

2 

10 

Multiple 


39 

27 

15 

3 

This condition 

is 

more severe than that 

encountered in the generic testing 

(since a 1 value 

in the first 

column : 

Indicates 

pulsation activity at the 


12th order of rotation). 

2. The scroll mismatch to the diffuser exit causes the flow in the scroll 
to decelerate in front of the throat causing a circumferential variation 
of pressure around the OD. of the diffuser. This fact, along with the 
scroll cutwater extension to a diffuser vane which "seals" one possible 
pressure relief path, could lead to unsteady flow in the scroll. This 
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situation was not completely simulated in this test program (the generic 
hardware was never intended to accurately simulate the HPFTP case). 
Radial holes drilled in the HPFTP scroll liner and communicating to a 
common pressure chamber surronding the liner may help to alleviate any 
pressure imbalance caused by any mismatch. The effectiveness of these 
holes is unknown. 

3. The resonance of mechanical structures, excited from forces caused by 
pressure pulsations, introduces alternating mechanical stesses in the 
component. Large amplitudes and number of cycles can cause fatigue of the 
material and failure of the component. The possibility exists that 
pulsations, possibly of low amplitude, occur at frequencies close enough 
to a structural natural frequency of the HPFTP scroll liner, to cause 
significant alternating stresses and eventual material fatigue (especially 
in the locations where the liner fabrication has resulted in a weld 
seam). The excitation forces on the liner may be the result of low level 
pulsations acting in both interior and exterior surfaces of the liner. 
The circumferential balance holes can act as filters to the pulsations in 
the interior flow passage. Pulsations reaching the other side of these 
holes may be out of phase. Out of phase pulsations, acting on both 
surfaces of the liner, will deliver larger fluctuation of forces than 
would be encountered if pulsation activity occurs only on the through-flow 
side. 

4. The operating conditions of the HPFTP require it to cover a wide flow 
range. Being a variable speed, turbine driven pump, the range of flow 
covered (Q raax /Q min =l • 5 ) is accomplished over a 1.33:1 speed ratio. 
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This means that at minumum flow, the pump is at only 85% of its design 

point, and at maximum flow (109% Thrust), the pump is at 101% of its 
design flow (refer to Figure 3.) The change in flow as a percent of 
design point flowrate is small. This means that the changes in impeller 
and diffuser blade jading, and incidence effects (all important in the 
generation of pressure pulsations) are also small. The testing conducted 
on the generic hardware covers a wide ratio of Qmin/Qmax* ^ut at a 

constant speed. Large variations in pulsation activity were encountered 
in this testing due the changing flow conditions. The HPFTP will not 

encounter this type of flow variation, but it will encounter a 6.1% 

increase in speed when moving from the 100% thrust to the 109% thrust 
condition. Based on the test results of the generic hardware, the 
pulsation amplitudes and scalability of those pulsations encountered at 
the 100% thrust condition will increase by a factor of 1.125. Some 
synchronous activity will be present in the HPFTP at its design point. 
The severity of these pulsations is dependent on which of the two 
interaction tables, shown above in Item 1 of this conclusions list, is 
correct. Any pulsations present at 100% thrust, will be scaled up by a 
factor of 1.125 when the pump is required to operated at 109% thrust. 
Further increases in thrust, and hence operating speed and flow rate, will 
increase the pulsation amplitude even more. 
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highly advanced measuring techniques. The test pumps were end suction 

single stage type. Their impellers have 6 vanes and 7 vanes with double 

volute and vaned diffuser casings. The test results showed a fairly sma . 1 

static radial force and a large dynamic force at low flow rate. The dynamic 
force was mainly composed of low cycle component and vane passing frequency 
component. This experimental study gave a clear quantitative idea of the 
static and dynamic radial forces of the pump impeller . (from English 
abs trac t ) 
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Language: ENGLISH 

~ jlze ® power generating facilities grow, the unexpected and 

unexplained number of large pump failures or pump-caused system operating 
difficuUies also grows. As one begins to pay closer attention to these 
, becomes clear that a large percentage of failures can be 
traced to rotor instability, occurring especially in the low percent flow 
regimes; in particular, in the minimum flow mode. Pump problems, as well as 
pump-caused feed water system problems in petroleum refineries are 
iscussed in this paper. The discussion is done under headings -- radial or 
axial rotor response; hydraulic instability; pump stage geometry; pump 
e ficiency; diffuser vs. volute type pumps; seals; balancing devices; 
bearings, rotor dynamics, oil whip, friction induced whirl; radial 
hydraulic forces; standards; vibration; pressure pulsation; safe operating 
ranges; factory tests and future problems. 
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Metwally, G. Maged ; Gahin, S. 

Paisley Coll of Technol , Scotl 

Conf on Fluid Mach, 5th, Proc, Budapest, Hung, 1975 v 2 p 649-660 Publ 
by Akad Kiado, Budapest, Hung, 1975 
Language: ENGLISH 

A simple systematic design of pump volute is formulated. Vaned diffusers 
with negative deflection are considered. The performance of variable 

combinations of volute with vaned and vaneless diffusers is illustrated 2 
refs. 

Descriptors: *PUMPS, CENTRIFUGAL — *Diffusers 
Classification Codes: 618 (Compressors & Pumps) 

61 (PLANT & POWER ENGINEERING) 


ORIGINAL PAGE IS 

OF POOR QUALITY 



I L 3 70 1 
E .. o e r i 

PA 

mer 

t .a I '■ a ~ e a r c h 

on t rydrau . in 

P '■ 

i * a t .. ■> 

r 

shaf t - 
Kank 1 , 

H . 

; Kawata , V. 

; Kawa tan i , T . 





Mitsubishi Heavy Ind.Ltd. 
Am. Son. Menh. Engrs . 

New r or k , U . S . A . 

Paper No. 81-DET-71) 
Languages: English 

Results of experiments 
pump impellers are 
suction single 
volute or vaned 
pressure measur 
Descr ip tor 


Am . Soc . 
Coden: A: 


Meoh 

jMSA4 


Engrs . , Sep . 20- 

ISSN 0402-1215 


1981, 9p (A SME 


on 


the hydraulic exciting forces on ce 
ponea. The model pumps used m the tests 
tage types with six or seven vaned impellers a 
diffuser casings. Static and dynamic radial f 
ements were obtained, (N.G.G.) 
ro todynamic pump 


n tr i fuga j. 

were end 
nd double 
orces and 


Section Heading Codes: P17 


and turbines. 


Turbines , ( Char lot tesvi lie, 

.3. A., Virginia Umv., 1984, 


U . S 
Ses 


. A. : 
sion 


4/5/3 

173576 PA 

Dynamic interactions in pumps 

Schneck , R . J . 

Virginia Umv. 

Virginia Umv. 

In: Vibrations in Pumps & Hydraulic 

Aug. 20-22, 1984), Charlottesville, U 

D, 33p . 

Dynamical nteract ions within the turbomachine are considered for two 
particular cases. Firstly between the rotor and its high pressure c opponent 
for example the diffuser, volute or spiral casing eto. and secondly between 
the rotor and its low pressure component such as the inlet duct, dra 
tube tailrace etc. The nature of such interactions and vi_ible 

consequences are described and it is shown that the firt situa ion is more 
difficult for pumps whilst the second is so for turbines. (...) 
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Effect of the downstream environment geometry 
characteristics of partial flow volume pumps. 
Caignaert, G. 

Soc. Hydrotech. France 

In: Fonc t lonnement des Turbomachines a Debit 

Volume Turbomachines Operation), (Paris, France: Nov 


of the impeller on the 


Partial, (Partial Flow 
18-19, 1981), vol . 1, 


U[ UUIIIdvIllllOS upoi awivii / , v K . 

Pans, France, Soc. Hydrotech. France, 1981, 12p. (Comite Tech, session No. 

119) 

Te-ts^on' single-volute and bladed-dif fuser centrifugal machines reveal 
the effects of various geometric parameters of the Kinetic energy 
recuperator, on the partial flow volume characteristics , although Lh 
parameters concerned hardly vary from each other The importance of 
relative radial gap DELTA , the volute and or the diffuser profile radiu- 
r, the nose section S SUB g or A SUB dz SUB 3b SUB 3 and the ^let ang e 
are supplemented by the effect of the diffuser casing (radial gap, lateral 
spaces, alignment or otherwise of the diffusor and the impelle ■>’ 
ten- are being analysed by the S.H.F. No. 1 Working Party, in particular 
various results for a single impeller with widely downstream 

configurations (colute and diffuser, etc.), as a contribution to the -tud, 
of the various physical phenomena, especially at the coupling between the 
impeller and the downstream components. (R.H.) 
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For individual papers see E.I. Conference No.: 03397 in file 165 
Language: ENGLISH 

Document Type: CP; (Conference Proceedings) Treatment: T; ( Theoretical ) 
; X; ( Experimental ) 

The, seven papers in this conference present the opinions of a number of 
engineers on hydraulic design techniques for centrifugal pumps of three 
different types: radial diffuser , end section volute pump, and mixed flow 

bowl pump. The designers give their detailed opinions on the desigh of the 
pumps and their predictions of expected performance. Technical and 
professional papers from this conference are indexed and abstracted with 
the conference code no. 03397 in the Ei Engineering Meetings (TM) database 
produced by Engineering Information, Inc. 
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The present paper deals with flow 
tongue area on the performance 
machines with a swirling flow free 
flow visualization studies 
volute channel as well as in 

Moore and Kline. Flow separation was observed at high inlet swirl angles 
near the volute tongue as we 11 as in the exi t diffuser . It was found tha_ 
the volute performance was strongly dependent on the tongue area at low and 
high inlet swirl angles. (A) 
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Centrifugal pump hydraulic instability. Final report. 

Makay, E. 

Energy Res. & Consult. Corp. 

Mornsville, U.S.A., Energy Res. & Consult. Corp., Jun. 1980, 7^p. 

(EPRI-CS-1445) , 

Languages: English . , . 

The principal objective was to define the causes of hydraulic instability 
in boiler feed pumps ,' explain their origins, and relate them to the 
geometries of a pump stage (e.g. inlet, impeller, diffuser or volute). The 
approach is to examine the influence of each component of pump geometry on 
the flow path and flow mechanisms and thus estimate the magnitudes and 
directions of hydraulically-induced forces on a pump rotor which influence 
dynamic response, pump performance, and critical speeds. The techniques and 
results of experiments on pump hydrualic forces are described and assessed 
to explain common frequency ranges. A method is developed for calculating 
radial hydraulic forces in a pump. The hydraulic mechanisms at work are 
listed, described, and related in turn to specific elements of pump stage 
geometry. Forces for the case in which the impeller is replaced with a 
solid mass are estimated. Recommendations are given for future work to 
measure and characterize the forces in various types oi pump geometry Two 
important findings are: CD feedwater pumps must be designed for stable 
operation over the full range of possible flow rates, even at the cost of 
some reduction of efficiency at best operating point; and (2) the 
complexities of flow within a pump stage are such that every new design 
must be tested to determine its dynamic and performance characteristics 
over the full flow range. (A) 
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MODULE 187 ID * 040CS M SCREEN STANDARDl 006 HOLES ON 0*0 CENTERS 

FOR 250 "F SERVICE BUNA-N (BLACK) 

FOR 350 *F SERVICE SWCONE [RED? OPTIONAL 

V SCREEN 

no SCREEN ‘TIP DIA Ml 


INPUT 

Pressure Range 

5 10 25 50 100 200 300 500 1000 2000 PSI 

Operational Mode 

Absolute, Gage, Sealed Gage, Differential 

Over Pressure 

20 20 100 100 200 400 600 1000 2000 3000 PSl 

Burst Pressure 

3 Times Rated Pressure 

Pressure Media 

Alt Nonconductive. Noncorrosive Liquids or Gases 

Rated Electrical Excitation 

10 VDC/AC 

Maximum Electrical Excitation 

15 VDC/AC 

Input Impedance 

500 Ohms (Min.) 

OUTPUT 

Output Impedance 

500 Ohms (Norn.) 

Full Scale Output (FSO) 

100 mV (Norn.) 

Residual Unbalance 

» ±5% FSO 

Combined Non-Linearity 
and Hysteresis 

±0.3% FS BFSL *See Note 1 

Hysteresis 

Less Than 0.1% 

Repeatability 

0.5% 

Resolution 

Infinite 

Natural Frequency (KHz) 

70 70 100 130 160 200 270 350 500 650 

Acceleration Sensitivity % FS/g 

Perpendicular 

Transverse 

— — — 

002 001 .0005 .0004 .0002 .00013 .00012 .00009 .00006 00005 

0004 0002 0001 .00008 .00004 .000026 .000024 .000018 .000012 .00001 

Insulation Resistance 

50 Megohm Min. at 100 VDC 

ENVIRONMENTAL 

Operating Temperature Range 

-65°F to 250°F (-55 °C to 120°C) Temperatures to 350°F (175 °C) Available on Special Order 

Compensated Temperature Range 

80°F to 180°F (25 °C to 80°C) Any 100°F Range Within The Operating Range on Request 

Thermal Zero Shift 

± 1% FS/100°F (Max.) 

Thermal Sensitivity Shift 

±1%/100°F (Max.) 

Steady Acceleration and 
Linear Vibration 

iOOOg, Sine 

PHYSICAL 

Electrical Connection 

4 Conductor 32 AWG Shielded Cable 24" Long 

Weight 

5 Grams (Norn.) Excluding Module and Leads 

Sensing Principle 

Fully Active Four Arm Wheatstone Bridge 

Mounting Torque 

15 Inch-Pounds (Max.) 


Note 1: 75% available on special order 

These units are available with metric size threads. Std Metric Thread M5 x 8 XT-67 M-l 90 On special order MS x 5 XT-1M-190 

KUU~E SEMICONDUCTOR PRODUCTS INC • ’039 Avenue • Rtfge^eiCt. New Jersey 07657 • Tel, 201-945-3000 • Cable: Kultung • Tetex: 685 3296 * Fax: 943-3294 
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Note 7 Can be supplied tor 5V excitation special order 
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INPUT 

Pressure Range 

5 10 25 50 100 200 500 PSI 

Operational Mode 

Absolute Gage Sealed Gage, Differential 

Over Pressure 

20 20 100 100 200 400 1000 PSI 

Burst Pressure 

3 Times Rated Pressure 

Pressure V*-* 

All Nonconductive. Noncorrosive Liquids or Gases 

Rated Electrical Excitation 

10 VDC/AC 

Maximum Electrical Excitation 

f 15 VDC/AC 

Input Impedance 

400 Ohms (Min.) 

OUTPUT 

Output Impedance 

500 Ohms (Max.) 

Full Scale Output (FSO) 

100 mV (Nom.) 

Residual Unbalance 

±5% FSO 

Combined Non-Linearity 
and Hysteresis 

±0.5% FS BFSL 

Hysteresis 

Less Than 0.1% 

Repeatability 

±.25% 

Resolution 

Infinite 

Natural Frequency (KHz) 

70 70 100 130 160 200 350 

Accelerate Sensitivity % FS/g 

Rerpendk 

Transverse 

002 .001 .0005 .0004 .0002 .0002 .00008 

0004 .0002 .0001 .00008 .00004 .00004 ,000016 

Insulation Resistance 

50 Megohm Min. at 100 VDC 

ENVIRONMENTAL 

Operating Temperature Range 

0°F to 250°F (-20 °C to 120°C) Temperatures to 350°F <175°C) Available on Special Order 

Compensated Temperature Range 

80°F to 180°F (25 °C to 80°C) Any 100°F Range Within The Operating Range on Request 

Thermal Zero Shift 

±2% FS/100 °F 

Thermal Sensitivity Shift 

±2%/100°F 

Steady Acceleration and 
Linear Vibration 

1000g, Sine 

PHYSICAL 

Electrical Connection 

4 Leads 30" Long 

Weight 

.6 Gram (Nom.) Excluding Module and Leads 

Sensing Principle 

Fully Active Four Arm Wheatstone Bridge Diffused Into Silicon Diaphragm 


Note: LQ30-125 is normally supplied uncompensated but can be supplied compensated on special order 
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FLUCTUATING PRESSURES 
IN 

PUMP DIFFUSERS & COLLECTOR SCROLLS 

■m 

Donald P. Sloteman 
Paul Cooper 

Ingersoll-Rand Company 
Pump Group R&D 
Phillipsburg, NJ 08865 

Robert Leon 
Liberty Technology 
Conshohocken, PA 19428 

ABSTRACT 

Pressure pulsation activity associated with impeller, diffuser, 
and scroll interaction has been identified with cracking of the 
volute liner on the SSME HPTFP. A major source of pulsation 
activity is related to the matching of flow conditions between 
diffuser exit and the throat of the volute collector. This program 
involves extensive internal measurement of the pressure pulsation 
activity associated with this match condition, as well as that 
associated with other flow phenomena, on a typical commercially 
designed centrifugal pump. These results will be related to the 
operational experience of the present HPTFP design. 
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INTRODUCTION 


Fluctuating pressures generated by the interaction of unsteady 
diffuser discharge flow and the surrounding volute scroll flow field 
are believed to be the source of adverse mechanical response, namely, 
cracking of the volute type scroll liner that surrounds the diffuser 
of the last (third) stage, of the Space Shuttle Main Engine (SSME) 
High Pressure Fuel Turbopump (HPFTP) . The difficulty of analytically 
understanding the complex unsteady flow phenomena involved in this 
and essentially any other high head or high energy centrifugal pump 
with surrounding vaned diffuser and scroll requires that detailed 
static pressure measurements be obtained experimentally at strategic 
locations both upstream and downstream of the assumed interaction 
region, namely, within and outside of the rotating impeller of a 
model pump that is sufficiently similar to the SSME HPFTP to produce 
the flow phenomena and associated fluctuations of interest. 

A program is being conducted which will utilize a two-stage 
centrifugal pump of configuration similar to the HPFTP to obtain 
detailed pressure vs time history at 66 locations in the final 
stage. Experience tells us that the pressure signal is composed of 
various components. The static pressure level is the most obvious 
component, various synchronous components are present (due to 
impeller blades passing diffuser vanes and or scroll cutwaters), and 
the somewhat more obscure non -synchronous pressure components 
(arising from unsteady flow behavior in hydraulic passages, which is 
not necessarily related to rotation speed). By using sophisticated 
signal processing techniques, the waveforms associated with various 
hydraulic phenomena can be obtained. By analyzing these waveforms, 
an understanding of the nature and intensity of different pressure 
pulsation types can be achieved, and possible design changes 
suggested to reduce or eliminate destructive behavior. 
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The test hardware used in this program is of typical, commercial 
design. These designs have evolved over the years and produce good 
efficiency with a minimum of instability at or around the design 
point. Off design operation of today's commercial designs sometimes 
lead to unstable pump behavior in the form of pressure pulsation 
activity which leads to mechanical distress and ultimately component 
failure. A cursory analysis of the current HPFTP design, suggests 
that a mismatch exists between the third stage vaned diffuser and the 
surrounding scroll. This mismatch would result in off “design type 
behavior at the design point. To study the effects of this suspected 
mismatch, a second diffuser design will be tested which is 
intentionally designed to simulate 1 the area ratios present in the 
HPTFP diffuser and scroll. Analyzing the pressure data from both 
configurations will allow us to compare the effects which the two 
design approaches have on pressure pulsation behavior. 

HIGH-ENERGY PUMPS AND PRESSURE PULSATIONS 

Pressure pulsations arise in centrifugal pumps from a) the unsteady 
interaction of the pressure fields of the diffuser vanes (or volute 
tongues) and the impeller blades (Ref 1), b) the fluctuation of flow 
rate in any given hydraulic passage as it is subjected to an unsteady 
pressure difference (such as in a rotating impeller passage subjected 
to the peripherally non-uniform volute pressure described in Ref 2 
and Ref 3) and c) the separated flows that produce rotating stall, 
backflow and other unsteady flow behavior that generally occur when 
the pump is operated at flow rates that are below the design point 
value - but which can also occur at the design point if separation or 
stall exists there (Ref 4). These phenomena are related to 
single-phase flow, which can fairly be assumed to be the case in the 
SSME HPFTP. 
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[Introduction of vapor and the capacitance of the resulting two-phase 
flow has been demonstrated to alter the character of these unsteady 
flows and to amplify substantially the resulting pressure pulsations 
- as described in Ref 5 and 6]. 

Incompressible, single-phase flow fields and accompanying pressure 
pulsations that occur in pumps are subject to the familiar "affinity 
laws" - velocity magnitudes are proportional to pump speed and size 
and pressure differences are in turn proportional to the square of 
velocity or the product of pump rotative speed and size - so long as 
Reynolds number effects are small. Such effects are indeed of little 
significance for typical centrifugal pumps handling water or other 
fluids of lesser viscosity (Ref 7). Thus, a small, rather 

conventional, slow speed pump developing, say 40 psi pressure rise, 
might experience discharge pressure fluctuations of 2% or 0.8 psi 
(Ref 8). For the structures of such a pump, this amount of pressure 
fluctuation in the fluid is harmless and in fact nearly unnoticeable 
and inaudible. However, when the same design is sped up to produce 
2000 psi (as in each stage of the SSME HPFTP) 2 Z of this or 40 psi 
can be of concern structually. 

This concern about structural integrity in the presence of pressure 
pulsations is probably the best way to quantify the term "High Energy 
Pump . In fact, closer examination of certain points within the 
pump, usually reveals pressure pulsations amounting to considerally 
more than the 2Z figure typically perceived in the fluid at the 
discharge port. For example, lino (Ref 1) predicts a double 
amplitude of about 75Z of the pump pressure rise at the impeller OD 
due to interaction of the diffuser and impeller pressure fields - if 
the ID of the diffuser blade is 3Z greater than the impeller OD and 
the pump flow rate is 70Z of the design flow rate. Obviously, 
significant fluctuating loads can be deduced to occur on impeller 
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blades, shrouds, diffuser vanes and adjacent scroll walls as a 
consequence of such activity. For example, the stress S at the 
juncture of a diffuser vane and the adjacent sidewall would be (Ref 
6 ) 

S = (5 p/2) x b^/t^ U) 

where 6p is the instantaneous pressure difference applied to the 
vane, b is the axial width or span of the vane and t is the vane 

thickness at the vane leading edge. For t * 0.1 in. (at the vane 

leading edge) and <$p = 1000 psi (half the SSME HPFTP stage pressure 

rise) and b = 0.75 in., (Equation 1) gives S = 28,125 psi - more than 
enough to raise concern about the mechanical integrity of this High 
Energy Pump . " 

Introduction into Equation (1) of geometrical relationships arising 
from this optimization of centrifugal pump hydraulic design vs 
specific speed (N s ) together with typical commercial experience, 
has led to the curve of Figure 1 (Ref 6). Pump stages having 

pressure rise greater than that shown by the curve can generally be 
considered as "high energy." Certainly the SSME HPFTP, which has 
— 1000 and pressure rise of 2000 psi in each stage, is very 

definitely a high energy pump by this rather crude commercial 
standard. 


Thus, it behooves the designer and researcher of such a pump to 
assess rather thoroughly the zones of the machine that could 
conceivably be exposed to pressure fluctuations arising from the 
various unsteady flow phenomena that are possible in a centrifugal 
pump but which can go unnoticed for a pump in the "low energy" 
category. Corrective action is often possible and ranges from 
making thicker vanes and shrouds, to increasing the impeller-diffuser 
radial clearance, etc. (Ref 6). In the case of the SSME HPFTP, 
improvement may be possible through hydraulic design modification as 
suggested by 
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the following analysis as well as that of the planned test 
measurements . 

DIFFUSER AND COLLECTOR SCROLL DESIGN ANALYSIS 

The matching of the collector scroll around the final diffuser stage 
is critical to the smooth operation of a centrifugal pump. The 
matching of the diffuser to scroll follows the same principles used 
in matching an impeller to a volute type scroll. The usual approach 
used, typically follows the technique described by Worster (Ref 2). 
Simply put, Worster says that the angular momentum present at the 
impeller discharge will equal the’ angular momentum at the volute 
throat plus the angular momentum lost due to wall friction and mixing 
losses. The flow rate where this match occurs is usually the best 
efficiency flow of the pump (providing the impeller inlet blading is 
at or near its minimum loss at this flow). The same approach can be 
used for matching a diffuser to a volute scroll. The diffuser to 
volute match is more critical, since the proportions of the exit 
velocity triangle from the diffuser change little (i.e. , absolute 
flow angle is maintained) as the flow rate changes. On the other 
hand, the impeller velocity diagram undergoes large variations with 
changes in flow rate. This means that an impeller will match a 
volute at some flow rate. For typical pump applications, the losses 
in angular momentum from impeller to diffuser are small. Usually 95% 
or more of the angular momentum at the impeller (or diffuser) exit is 
available at the volute throat. 

A simple equation will help illustrate the matching of impeller or 
diffuser to scroll throat. If we assume no losses, the angular 
momentum at the impeller (or diffuser) exit can be represented by the 
left hand portion of this equation: 
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r v 0 " r th v th 


( 2 ) 


The right hand part of Equation (2) represents the integrated angular 
momentum at the volute throat (where r th is the mean radius to the 
throat and V th is the throat velocity found from continuity). With 
viscous effects there are losses due to wall friction and boundary 
layer blockage of the scroll throat area. For typical pumps, taking 
these factors into account, experience gives us the following 
relationship for matching collector elements: 


r 


r th V th 


)/( r V Q ) 


(3) 


where T is typically .95. 


This relationship gives us a means for judging the degree of mismatch 
between discharge and collector elements. When the operating flow 
rate produces IX. 95, the mean throat velocity is lower than that of 
the match condition. This causes a deceleration of the flow 
approaching the throat and hence a local static pressure rise in the 
flow as it approaches the throat. This rise is above that expected 
from the radial diffusion resulting from the change in radius at the 
match flow condition. Conversely, for T>.95 the mean throat velocity 
is higher than the match condition and the resulting acceleration of 
the approach flow causes a static pressure drop in the scroll in the 
vicinity upstream of the throat. For the case of an impeller 
discharging into a volute collector, these conditions can cause 
variations in impeller passage flows due to varying static pressure 
around the impeller periphery and radial loading of the rotor due to 
this uneven pressure distribution. In the case of a diffuser 
discharging into a volute, this mismatch will exist at all flows, and 
be about of the same degree. The variation in pressure around the 
diffuser will cause variation in exit pressures for each diffuser 
passage. This will be felt all the way back to the diffuser ID 
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and probably into the impeller itself. The introduction of unsteady 
flow phenomena at any of these elements could cause local variations 
in flow rate which would manifest itself as pressure pulsations. 


This program was initiated by NASA to investigate and understand the 
fluid behavior associated with pressure pulsations due to flow 
interactions of impeller, diffuser and volute scroll. This was 
prompted by observed pressure pulsations and some scroll cracking (on 
test firings) in the SSME HPFTP . The program initially involved 
testing a pump design which could be termed "generic". Our generic 
hydraulics are based on a standard Ingersoll-Rand multi-stage 

diffuser type pump. A 5-vaned impeller of 1200 specific speed (rpm x 
gpm 1 2 /ft 3/4 ) with a 9-vaned diffuser discharges into a volute 
scroll. The area of the volute throat was determined using the 
Worster method just described. The volute sections and shape were 
laid out on the basis of our internal hydraulic guidelines. These 
include linear distribution of scroll area and scroll section shape. 
The dimensions critical to the matching of diffuser to volute are 
found in Figure 2. Due to a slight casting problem, the area of the 
throat was cast too small. By using Equation (3) we have determined 
that T=1.00. This implies that at any operating condition, the 
throat velocity will be slightly higher than the free vortex (as 
modified by losses) condition. The absolute velocity shown at 

location 'D 1 was computed via one -dimensional calculations with 
assumptions for boundary layer blockage based on past experience. 
The r=1.00 results in a small mismatch, the impact of which on scroll 
operation will be determined through testing. 


We have compared this "generic" design with the SSME HPFTP third 
stage. The exit conditions for the third stage diffuser were 
determined using PANEL (a 2 -dimensional, inviscid code). The effect 
of no boundary layer blockage in the calculation is not serious since 
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the cascade is actually accelerating the flow from inlet to 
discharge. Even without the blockage, a T of .80 is indicated using 
Equation (2); (with blockage, an even lower Y would be indicated). 
This would indicate that the scroll throat is oversized, and a 
circumferential pressure gradient will exist around the diffuser OD. 
From the scroll detail drawings, it is seen that a series of holes 
are present around the scroll which communicate with the outer 
chamber (defined by the pressure containment structure of the pump 
itself). We did not determine the effectiveness of these holes to 
balance the pressures around the scroll. Assuming that the balance 
holes do not pass sufficient flow to balance the scroll, we look for 
what effect a scroll mismatch and resulting circumferential pressure 
gradient have on the dynamic behavior of each of the other hydraulic 
components. The dynamic behavior of the flow may be further 
complicated by the lack of diffusion in the third stage diffuser 
vanes and the unusual practice of extending one of the diffuser vanes 
to blend into the inner wall of the discharge trumpet. The existence 
of all these features in this very high energy machine may create 
unsteady flow phenomena like those described earlier in this paper, 
only more severe. 

In order to pursue the effects of such a drastic mismatch as is 
indicated in the SSME HPFTP , we will design an alternate diffuser to 
our "generic" design. Since we are committed to use the existing 
scroll hardware, our throat area is fixed. In order to achieve r= 
.80, the diffuser will be designed to provide less diffusion of the 
absolute flow with the result being a higher tangential velocity 
component at diffuser exit than exists with our "generic" design. 
Preliminary design data for this diffuser is shown in Figure 2. An 
attempt at modeling the flow that exists in the HPFTP would create 
very large velocities at the diffuser exit, which would in turn lead 
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to very low V values (on the order of .5 or less). We feel that this 
represents too great a mismatch. The compromise of achieving 
reasonable diffusion while presenting the scroll with a large 
mismatch will provide results of interest regarding the 
diffuser/ scroll interaction that we believe exists in the SSME HPFTP. 


TEST PROGRAM 

The test program for both diffuser designs (generic and alternate) 
will be conducted in the Ingersoll-Rand Pump Group R&D Laboratory. 
Installation of instrumentation, data collection and reduction will 
be done by Liberty Technology Center. Analysis of the data will 
involve both IB and Liberty. A special 2-stage pep is being adapted 
to a configuration similar to that found in the SSME HPFTP, differing 
in that the intermediate stage is being left out. This test pump 
will be run at 2500 rpm through a variable speed 120 hp DC motor. We 
will use water as the pumped fluid in order to produce measurable 
levels of pressure pulsations from which scaling statements can be 
made to apply the experimental results to the SSME experience as well 
as other diffuser type pumps. This pump, operating at 2500 rpm with 
an 11-inch diameter impeller generates a stage pressure rise of 100 
psi at a flow rate of about 800 gpm. Water is believed to be a 
suitable fluid since the Mach number on the SSME hydrogen pump (based 
on impeller exit conditions) is about .4 and the stage density ratio 
is about 1.04. If we asume that the pulsations and resulting scroll 
cracking on the HPFTP are produced by the same phenomena as seen on 
high energy commercial pumps, we can say they are not 
compressibility-related as long as the Mach number is kept at least 
this far below unity. The Reynolds number based on wheel radius and 
tip speed for the water test is two orders of magnitude less than the 
HPFTP (5 million vs 500 million). Literature indicates that the 
pressure pulsations as a fraction of stage 
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pressure rise will remain the same regardless of Reynolds No. (Ref 
9). Also Stepanoff indicates that Reynolds No. effects become 
significant in pumps run at Reynolds No. below 5 million (Ref 7). A 
photo to the two -stage test pump can be found in Figure 3. 

A cross-section of the second stage of the test pump can be found in 
Figure 4. In designing the components, we kept two features in 
mind. First, the installation of pressure sensors in key locations 
of the hydraulic passages and the modularity of the pieces (providing 
the potential of easily incorporating alternate designs). Provisions 
for a total of 58 stationary pressure transducers are in the hardware 
design. These sensors are located in the scroll, diffuser passages 
(one passage is fully instrumented with 11 sensors on both sidewalls) 
and along the sidewalls adjacent to the impeller. A view of the 
diffuser and scroll showing positions of sensors is shown in Figure 
5. The impeller is instrumented with 8 sensors with signals 
extracted via a slip ring assembly positioned between the motor and 
pump coupling hubs. The impeller (5 vane) has a sensor in each 
passage located at mid-passage on the hub wall near the impeller OD. 
One impeller passage also has sensors on the opposite wall and a 
sensor on the suction and pressure surfaces of adjacent blades. 

In order to measure and locate the sources of the various pressure 
pulsations phenomena described earlier in this paper, a large amount 
of signal processing of the data will be required. This will be done 
for three hardware configurations. It is anticipated that data from 
all transducers will not be needed in all test series. As specific 
relevant phenomena emerge, it is likely that these phenomena can be 
described by considerably fewer transducers than the full complement 
needed initially to cover all possible locations and spatial and 
temporal relationships. Therefore, Liberty will reduce data on 100% 
of the transducers for the first test series. We will then determine 
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which transducers are yielding relevant data and will restrict the 
data reduction to 75Z of the transducer for the second test series. 
Similarly, we will reduce this percentage to approximately 50Z for 
the last test series. The following information will be provided for 
each test configuration: 

a) Order-related waveforms for each sensor in the above 
schedule. 

b) Non order-related waveforms for each sensor in the above 
schedule. (The non order-related waveforms will be obtained 

by subtracting the order-related waveforms from each raw 
waveform) 

c) Spectra, transfer function phase, and other plots as 
warranted. (Note that phasing information will be built 
into the basic waveforms because all are referenced by the 
same once per rev trigger). 

Written summaries will be provided with plots so that their meaning 
and significance will be made clear. 

Use of the four common channels on all eight (8) recorders provides 
for synchronization allowing transfer functions to be determined 
between an* two pressure channels. Additionally, simultaneous 
broadband noise recorded on all channels of each tape recorder will 
enable corrective transfer functions to be determined to correct for 

mterchannel time delays. This will be utilized if found to be 
necessary. 

The data collection and reduction just described will be applicable 
to three hardware configurations. The first two configurations will 
use the generic volute and diffuser designs. However, the impeller 
O.D. will be cut down following the first test. This will allow the 
comparison between two different diffuser to impeller clearance 
ratios. This ratio is important in regard to blade passing 
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frequency-related pressure pulsations. The first diffuser to 
impeller diameter ratio will be 1.02. The second ratio will be a 
more typical 1.06. Effects due to diffuser to scroll mismatch should 
be similar on both these configurations. The third configuration 
tested will use the generic volute scroll and the alternate diffuser 
design. The diffuser ID to impeller OD ratio will remain at 1.06. 
This test will show differences in the flow behavior due to a large 
mismatch of diffuser to scroll area. This behavior may produce 
unsteady flow in one or more diffuser passages which cause pressure 
pulsation activity in the scroll itself. The detailed pressure 
pulsation history for each sensor location will provide us with a 
means of identifying the locations o'f origin for these pulsations and 
where their intensity is of greatest concern. 

Testing of the hardware just described will begin in early May, 
1988. The test program should be completed in late June. The final 
report will follow by the end of August 1988. 

CONCLUSIONS 

High-Energy multi-stage centrifugal pumps of commercial design are 
known to be sensitive to pressure pulsation behavior. These 
pulsations can be order related, such as impeller vanes passing 
diffuser leading edges; or random, such as rotating diffuser stall 
encountered at off design flow conditions. The pulsation activity 
may be non -synchronous in nature, caused by unsteady flow behavior in 
diffuser passages or in a discharge collector ( volute/ scroll) . In 
robust commercial designs this variety of pulsation behavior can 
cause impeller, shaft or diffuser breakages and severe piping system 
instabilities. The comparatively fragile structure of the SSME 
HPFTP, which is a true high-energy machine with a lamp power density 
ratio is probably more sensitive to pressure pulsation - behavior 
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than are its commercial brothers. Our efforts to understand the 
mechanics of these pressure pulsations include the testing, at low 
speed of typical pump hydraulics in various configurations. These 
configurations cover two key areas of concern; impeller to diffuser 
inlet clearance and diffuser to volute/scroll matching. Some 
information regarding diffuser blade loading effects may also be 
gained. The test program will collect data from a multiplicity of 
pressure sensors located in the scroll, diffuser, sidewalls and in the 
rotating impeller. Advanced data reduction techniques will be applied 
to uncover the pressure pulsation history at each sensor location in an 
effort to understand the fluid behavior behind the pulsation activity. 
Bv understanding this behavior, pump designers should be able to make 
more enlightened decisions regarding high-energy pump design in terms 
of minimizing mechanical damage resulting from discharge related 
pressure pulsation activity. 
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j Figure 2. Summary of diffuser and volute geometries and 

» velocities at nominal design flow (550 gpm @ 1780 

rpm for generic design), at various locations in 
the diffuser (photos) and volute scroll. 
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Figure 4, Cross-section of last stage of 

test pump, showing circumferential 
development of volute scroll sections. 
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APPENDIX D 


SUMMARY 

OF 


STEADY STATE TEST DATA 



PRESSURE RISE psi 


4x11 CB/V STAGE PRES. RISE 

0ESK3N PLOW - 090 flpm 

A •*• o w aw a -A’ • ■a m V * -a 



D-i 



STATIC PRESSURE LEVELS (PSIA) 


FLOW CONDITION 



FI 

F2 

F3 

F4 

Pli 

183.56 

181.85 

171.41 

158. 14 

ft 12 

173. 30 

171.20 

160. 72 

147. 87 

ftl 3 

179.98 

178.29 

167.64 

154. 18 

PI4 

1 73. 84 

170.85 

159. 98 

146. 69 

ft 15 

174.84 

172. 77 

162. 23 

149. 46 

ftl 7 

172. 72 

171. 12 

160.39 

147. 66 

ftia 

191. 04 

187. 17 

177.56 

165. 38 

ftDl 

212. 80 

207. 72 

193.36 

172.94 

PD2 

230. 44 

226. 66 

210. 44 

191.06 

ftD3 

21 7. 46 

210. 81 

192. 70 

168.96 

PD4 

226. 59 

220. 82 

203. 56 

181. 46 

ftD5 

221. 62 

215. 25 

198.05 

175. 53 

ftD6 

227. 88 

221. 49 

203. 32 

181.01 

ftD7 

238. 35 

232. 55 

216. 24 

193. 49 

ftDS 

247. 80 

234.85 

220. 74 

202. 16 

ftD9 

229. 36 

222. 93 

206. 63 

184. 09 

AD 10 

229. 23 

225. 35 

209. 39 

189.56 

ftDl 1 

226. 62 

220. 13 

203. 88 

180. 48 

PD12 

225. 27 

220. 96 

204. 09 

185. 03 

ftDl 3 

215. 38 

209. 09 

192. 49 

171. 76 

ftDl 4 

224.01 

219. 18 

202. 42 

1 8^i . 80 

ftDl 5 

221. 49 

215. 36 

199. 02 

176. 61 

ftDl 6 

204.07 

202. 24 

188. 46 

172. 31 

ftDl 7 

232. 48 

226. 40 

210. 46 

187. 44 

ftDl 8 

213. 63 

212. 25 

198. 39 

130. 62 

ftSl 

225. 28 

220. 08 

205. 37 

189. 25 

PS2 

225. 70 

220. 28 

203. 50 

185. 66 

ftS3 

228. 17 

223. 03 

207. 95 

189. 69 

ftS4 

221. 38 

216. 41 

200. 42 

182. 12 

ftS6 

226. 25 

221. 13 

207. 15 

189. 04 

ftS7 

222. 71 

218.40 

202.67 

185. 29 


F5 F6 F7 F8 F9 


139. 85 

98. 80 

109. 92 

124.85 

129. 34 

86. 82 

98.01 

112. 80 

1 35. 81 

92. 47 

104. 71 

1 18. 50 

127. 84 

85. 60 

97.45 

1 12. 13 

130. 71 

88.57 

99.86 

114.93 

129. 44 

87. 43 

99. 12 

114. 40 

147. 98 

101. 11 

114.50 

127.36 

142. 93 

96.49 

115. 56 

139.95 

163. 18 

110. 19 

128.71 

151.87 

137.23 

92. 45 

112.97 

141.07 

152.53 

104. 94 

122.25 

147.44 

143. 38 

97. 58 

118. 70 

145. 86 

152.52 

105. 02 

123.08 

147.26 

160.29 

113. 43 

133. 74 

160.62 

175.24 

124. 12 

142. 75 

166.76 

152. 56 

103.20 

123. 27 

149.58 

162. 12 

110.08 

128. 12 

151.92 

147.52 

100.99 

121. 18 

148.63 

157. 58 

105.77 

123.65 

147.09 

139. 05 

92.56 

112. 92 

138. 03 

156. 60 

105. 13 

122. 53 

146. 18 

144. 37 

96.22 

117. 18 

142.86 

147. 12 

97.85 

116.08 

139.86 

155. 65 

106. 54 

127. 62 

154. 15 

154. 55 

105.21 

122. 71 

144. 76 

164. 85 

114. 40 

129. 96 

150. 24 

158. 67 

104.68 

121.65 

144.26 

163. 71 

109.23 

125.58 

147. 66 

155. 70 

102. 46 

119.31 

142. 12 

162.88 

110.37 

126.98 

149.06 

159.96 

106.55 

122. 71 

144.68 
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STATIC PRESSURE LEVELS (PSIA) 


FI F2 


F3 


FLOW CONDITION 
F4 F5 F6 


F7 


F8 


F9 


AD19 

224.22 

213.61 

RD20 

215. 43 

210.34 

RWIB2 

136. 14 

189.93 

AWIB3 

187. 45 

103. 16 

AWIB4 

193.02 

185. 20 

PIWIB5 

130.54 

182. 25 

AWIB6 

196.61 

190. 71 

RPIB1 

200. 58 

194. 37 

APIB2 

208. 92 

203. 06 

ftPIB3 

224. 79 

220. 33 

ftp I B4 

222.89 

217.82 

ftp I B6 

224. 82 

220. 80 

APIB7 

236.68 

233. 34 

ftP IBB 

226. 86 

221.51 

ftP IBS 

229.89 

226. 04 

ftPOBl 

197. 48 

191. 24 

ftP0B2 

207. 38 

139.54 

RP0B5 

221.32 

217.08 

AP0B6 

218.07 

214.00 

0P0B7 

234. 06 

230. 68 

ftPOBS 

225. 58 

221. 34 


202. 

16 

180.92 

149. 

15 

196. 

10 

177.29 

151. 

09 

176. 

81 

162.57 

142. 

29 

170. 

65 

158. 43 

139. 

20 

172. 

33 

157. 99 

138. 

22 

167. 

57 

153. 00 

132. 

75 

178. 

38 

164. 62 

144. 

94 

178. 

34 

161.72 

139. 

88 

187. 

36 

171. 42 

148. 

94 

205. 

43 

182. 75 

147. 

11 

202. 

01 

182. 33 

153. 

67 

205. 

58 

186. 40 

158. 

54 

218. 

05 

199.07 

171. 

66 

203. 

13 

181. 70 

153. 

18 

210. 

20 

190. 36 

164. 

12 

178. 

10 

163. 41 

143. 

21 

183. 

75 

167. 47 

144. 

01 

201. 

32 

181. 52 

152. 

26 

198. 

51 

173. 34 

151. 

82 

214. 

29 

194. 15 

167. 

22 

204. 

, 97 

185. 66 

158. 

, 82 


100.89 

121. 58 

147. 

21 

100.22 

117. 50 

140. 

13 

97.28 

110. 01 

129. 

15 

99.99 

112.40 

133. 

82 

93.59 

106. 39 

124. 

32 

91. 65 

104.62 

126. 

56 

93.54 

112. 52 

131. 

18 

90.51 

111.61 

131. 

52 

102.60 

117. 14 

139. 

48 

102. 24 

124.75 

150. 

11 

105. 30 

123. 31 

147. 

40 

106. 64 

124. 10 

147. 

20 

119. 47 

137. 41 

159. 

48 

107.30 

124.53 

147. 

83 

1 1 1 . 70 

128.75 

151. 

82 

97.04 

109.78 

129. 

95 

95.71 

134.24 



102. 12 

120.44 

144. 

87 

100.90 

117.84 

141. 

, 12 

114. 13 

131. 32 

154. 

,27 

104.61 

122. 16 

145. 

, 39 


D-3 



STATIC PRESSURE lEVELS (PSIA) 






FLOW 

CONDI TI 

ON 




FI 

F2 

F3 

F4 

F5 

F6 

F7 

F8 

BI1 

1 3d. 63 

131. 33 

178.03 

165. 15 

145. 35 

100. 76 

113.88 

132. 30 

BIS 

181.35 

180. 18 

166. 64 

1 54* cc 

134. 88 

89. 49 

102. 14 

113. 38 

BI3 

137. 10 

185.84 

1 72. 48 

153. 93 

1 4 1 . 23 

35. 72 

108. 51 

124. 40 

B 14 

185. 87 

184. 48 

170. 04 

157. 55 

138. 36 

33. 39 

106. 32 

183. 77 

BIS 

1 86 . 60 

184. 30 

171. 38 

158. 38 

138. 30 

93. 51 

106. 55 

184. 83 

BI6 

183. 75 

180. 43 

163. 55 

143. 36 

183. 07 

86. 89 

101. 19 

183. 53 

BI7 

183. 35 

188. 14 

168.58 

155. 88 

136. 72 

92. 13 

105. 35 

184. 37 

BI0 

137. 84 

138. 30 

178. 30 

186. 33 

147. 35 

100. 19 

112. 57 

134. 48 

BD1 

318. 14 

218. 13 

201. 04 

177. 48 

147. 38 

104. 15 

113.87 

144. 04 

BD2 

832. 77 

822. 86 

304. 71 

187. 58 

160. 75 

107. 75 

126.58 

147. 91 

BD3 

813. 41 

812. 46 

133. 62 

163. 20 

137. 43 

32. 18 

1 13. 34 

140. 38 

BD4 

8 c! C • c! 3 

224. 37 

304. 45 

186.86 

158. 75 

107. 88 

126. 82 

149. 10 

BD5 

220. 78 

813. 05 

195. 54 

178. 37 

146.85 

99. 88 

121. 76 

148. 04 

BD6 

220. 46 

213. 79 

1 39. 08 

188. 90 

155. 30 

104. 01 

123. 14 

145. 36 

BD8 

835. 42 

835. 48 

815. 60 

800. 46 

172.32 

120. 63 

139.74 

161. 40 

BD9 

218. 20 

215. 53 

134. 35 

177. 33 

147. 91 

99. 27 

120. 39 

144. 05 

BD 10 

221.31 

220. 40 

201. 57 

185. 77 

153.09 

107. 40 

125. 79 

146.81 

BD11 

221. 92 

216. 48 

134. 87 

178. 51 

147. 13 

39.63 

121. 50 

145. 21 

BD12 

220. 71 

220. 23 

20 1 . 48 

185. 73 

158.56 

106. 30 

124.85 

145. 88 

BD13 

215. 03 

211. 51 

190. 60 

173. 87 

141. 75 

33. 60 

115. 97 

139.09 

BD1 4 

828. 23 

221. 77 

203. 03 

187. 83 

153. 31 

107.68 

126. 13 

147. 34 

BD1 5 

lllsJa 3 C 

303. 43 

130. 1 1 

171. 63 

139. 60 

92. 19 

114. 15 

136. 75 

BD 16 

813. 35 

318. 70 

137. 49 

182. 83 

15 7. 78 

107. 38 

126. 44 

147.86 

BD1 7 

221. 51 

881. 65 

200. 27 

188. 26 

151. 04 

103. 50 

124. 35 

148. 77 

BD 1 6 

816. 37 

815. 34 

197. 70 

161 . 98 

1 5b. 08 

100. 87 

113. 85 

148. 80 

B51 

817. 50 

818. 14 

801. 09 

185. 70 

i 53. 57 

106. 56 

123. 39 

143. 38 

8S8 

cl 3. 8b 

32 i . 48 

18. 34 

183. 7 1 

15/. h8 

102. 58 

120. 36 

141. 78 

BS3 

ccji 35 

825. 48 

805. 87 

186. 63 

16c. 1 0 

107. 75 

125. 03 

145. 79 

BS4 

322. 40 

823. 53 

800. 01 

183. 11 

156. 30 

101. 55 

113.72 

141.82 

BS6 

221. 03 

226. 18 

807. 33 

130. 52 

165. 24 

110. 92 

128.07 

149.43 

BS7 

322. 71 

325. 62 

805. 16 

183. 17 

163. 35 

107.66 

125.38 

145. 76 
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STATIC PRESSURE LEVELS 


(PS I A) 


BD19 

BD60 

BWIBS 

BWIB3 

BWIB4 

BWIB5 

BUI IBS 

BPIB1 

BP IBS 

BPIB3 

BPIB4 

BPIB6 

BPIB7 

BPIB8 

BP IBS 

BP0B1 

BP0B5 

BP0B6 

BP0B7 


FLOW CONDITION 
F5 


F6 F7 F8 F9 

149.68 100.37 1SS.SS 146.68 


FI 

FS 

F3 

F4 

SSI . 64 

SSS. 80 

S04.91 

181.70 

107. SI 

107.57 

98.45 

90. 66 

SOS. 33 

SOO. 70 

185.66 

171. 31 

197.01 

19S. 75 

177. 60 

167. 36 

SOO. 30 

195. 83 

181. 34 

168. 3S 

194. 73 

193. 65 

176. 14 

158. OS 

SOS. S8 

199. 38 

183. 87 

170. 57 

SOI. SS 

199. 05 

184. 68 

1 64. S3 

S13. 9S 

S 14. 86 

198.08 

174. 13 

SSO. 09 

SSI. 15 

SOB. 39 

181. 65 

S18. 55 

S18. 5S 

SOS. 63 

180. 33 

SSS. 45 

SSS. 4S 

SOS. 45 

185. 74 

S31.63 

S3S. 1 3 

S15. 01 

198.94 

SSO. S9 

SI 8. 4S 

199. 78 

1 88. 55 

SS7.84 

SS7. 31 

S09. 57 

1 9S . 63 

S06. 54 

SO 6. 06 

19S. 04 

171. 60 

SSO. 54 

434. 5S 

396. 44 

357. 30 

SS8. 13 

SSI. 84 

SOS. 85 

185. 05 

SS 3. 5S 

SS4. 33 

S07. 16 

190. 57 


76. 13 

49.50 

58. 49 

69. 64 

151 . as 

103. 59 

117. 14 

138. 56 

147. 66 

104. 03 

1 17. 65 

138. 33 

148. 5S 

100. 18 

1 13. 85 

134. 05 

138. 54 

95. SI 

108. 57 

13S. 10 

150. 5S 

10S. 18 

115.41 

135. 55 

14S. 77 

95. S6 

109. SI 

131. 87 

15S.67 

10S. SS 

117.39 

140. 39 

144. 68 

98. 56 

ISO. 94 

147. 44 

151.50 

96. S7 

1SS. 89 

144. 40 

158. 75 

105.79 

1S4.59 

146. 3S 

17S.77 

118.90 

136.90 

156. 90 

154. 37 

103. SO 

131. 84 

144. 14 

166. 40 

113. 11 

131. 37 

153.90 

150.75 

101. 49 

116. IS 

137. 96 

S98.99 

195. 45 

S35. 48 

S81.S5 

156.81 

104. 08 

133. 09 

145.65 

163.88 

110.70 

138. 39 

149. 37 
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hTATIC PRESSURE LEVELS (PSIA) 


PLOW 



FI 

F2 

FS 

F4 

CI1 

163. 58 

176. 71 

167. 36 

154. 31 

CI2 

177. 96 

176. 31 

164. 72 

150. 80 

CIS 

168. 74 

164.09 

143.30 

134. 80 

Cl 4 

173. 16 

166. 93 

153. 39 

138. 47 

CI5 

1 73. 14 

172. 88 

160.85 

147. 80 

CI6 

171, 71 

166. 06 

155.24 

143. 30 

CI7 

173. 77 

172. 13 

160. 18 

146. 57 

CI0 

173. 54 

171. 04 

159. 13 

145. 28 

CD1 

304. S3 

208. 46 

192.66 

172.61 

CD2 

803. 74 

209. 01 

195.01 

176. 13 

CDS 

208. 57 

206. 10 

130.56 

168. 59 

CD4 

805. 41 

21 1. 62 

195. 67 

176. 16 

CDS 

203. 39 

807.21 

131.06 

168.81 

CD7 

200. 88 

202. 99* 

187. 10 

166. 65 

CD8 

802. 93 

206. 71 

132. 11 

173. 74 

CD9 

199. S3 

203. 04 

187. 93 

168. 86 

CD 10 

800. 21 

204. 49 

190. 05 

171.55 

CD11 

197. 15 

199. 95 

186.30 

166. 97 

CD13 

198. 41 

202. 1 1 

187. 36 

163. 56 

CD1 4 

136. 70 

200. 82 

186. 16 

1 69. 03 

CD15 

197. 51 

20 1 . 06 

135. 37 

167. 83 

CD16 

203. 28 

207. 40 

198. 51 

175. 31 

CD1 7 

802. 1 1 

205. 46 

183.32 

178. 50 

CD18 

200. 60 

805. 84 

191.11 

172. 84 

CD1 3 

278. 64 

274. 43 

225. 14 

1 ti. 90 

CD20 

136. 57 

801. 58 

186. 71 

167. 87 

CD21 

199. 15 

80S. 10 

187. 13 

167. 88 

CD22 

c08. 5 

208. 18 

132. 81 

176. 89 

CS1 

202. 83 

208. 52 

194.35 

176. 34 

CS2 

192. 84 

136. 81 

182. 39 

165. 15 

CS3 

201. 02 

203.98 

190. 19 

172. 02 

CS4 

197. 72 

199.54 

184. 12 

166. 52 

CSS 

203. 27 

207. 73 

193. 10 

175.58 

CSS 

205. 22 

209. 78 

195. 73 

178.07 

CS7 

202. 56 

216.26 

192.63 

174. 77 

CS8 

202. 96 

206. 18 

191.83 

174. 98 


CONDITION 


F5 

F6 

F7 

F8 

F3 

139.30 

94. 72 

105. 57 

119. 19 

240. 73 

1 

91. 77 

103. 12 

117. 77 -417. 58 

118. 87 

73. 37 

31. 72 

108. 88 

225. 74 

122. 77 

81.05 

92.73 

108. 31 

228. 77 

132. 76 

85.39 

99.87 

114. 74 

236. 20 

123. 52 

86. 56 

95.63 

112.92 

234. 42 

131. 44 

87. 57 

38.39 

112. 50 

233. 08 

129.81 

06. 44 

97.61 

111.63 

231.89 

143. 77 

100. 63 

115.62 

135. 00 

270. 71 

154. 33 

103. 48 

116.83 

134. 40 

276. 93 

144.93 

98. 15 

112. 82 

133. 55 

273.45 

154. 70 

103. 86 

110. 13 

135. 78 

278. 27 

144. 85 

38. 41 

114.39 

135. 08 

273. 43 

1 43. 63 

96. 13 

112. 30 

130. 70 

263. 19 

1 51 . 33 

101. 57 

115.63 

132. 51 

236. 80 

145.33 

97.71 

113.00 

131. 30 

268. 09 

146.33 

100. 28 

113.72 

130.93 

234.64 

143.02 

96. 17 

110.21 

127.93 

227. 06 

146. 78 

98.37 

113. 51 

130. 71 

268. 01 

148. 20 

99.54 

112.92 

128. 47 

264. 91 

144. 68 

36. 39 

1 1 1 . 65 

127. 37 

267. 42 

153. 76 

102.64 

116.43 

133.24 

275. 16 

148. 30 

39. 76 

1 15. 1 1 

132. 48 

274. 88 

152. 41 

101. 15 

115. 56 

132. 50 

273. 10 

1 48. 86 

96. 56 

103. 01 

1 o • 51 

232. 39 

145. 75 

96. 56 

1 10. 14 

126. 85 

267. 29 

14^.65 

36. 58 

111. 03 

129. 43 

270. 03 

145. 86 

103. 86 

117.33 

1 06 • 16 

278. 90 

156.22 

104. 38 

110.68 

135. 40 

28 1 • 68 

146. 16 

97. 37 

110. 36 

126. 51 

261. 86 

151.98 

99.07 

113. 48 

130. 00 

274. 33 

145. 91 

94.01 

107.82 

124. 74 

267. 50 

155. 71 

103.23 

116.92 

133.35 

276.52 

158.41 

105. 54 

119. 26 

135. 99 

279. 50 

154. 88 

101. 74 

115.50 

132.07 

276. 43 

154.65 

101.53 

115.57 

133. 13 

277. 00 
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PAGE is 
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PUMP PERFORMANCE 
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APPENDIX E 


SUMMARY 

OF 

SYNCHRONOUS PULSATION TEST DATA 




This appendix contains the complete history of synchronous (or order 
related) pressure pulsations for configurations A and C. The waveforms 
are filtered for DC component of pressure, so only the fluctuating, of AC 
component remains. The waveforms include two shaft revolutions. The 0 
degree position on all plots refers to the "top -dead- center" position of 
the shaft key phasor. The TDC position occurs 10 degrees upstream of the 
position of the scroll cutwater leading edge. 

The time waveforms for configuration B are in the process of being 
corrected for phase. Once completed, this set of data will be included in 


this appendix. 
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